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Theory of Electricity continued. 

Galvanic Electricity. 

461, Electricity, enriched by the labours of 
80 many distinguished philosophers, had apparently 
arrived at that stage in its progress where nothing of 
importance is wanting to a science, and nothing left 
for those who might pursue it hereafter but the hope 
of confirming the discoveries of their predecessors, or 
of giving to truths, already brought to light, addi« 
tional clearness. The many researches which had 
been set on foot to diversify the results of experi- 
ment, were seemingly exhausted, and the theory itself 
appeared to be capable of no further extension, unless, 
perhaps, by a nicer precision in the application of its 
already well-established principles. While the science 
was thus tending, as it were, to a state of repose, the 
convulsive motions observed by Galvani in the muscles 
of a. irog when placed in combination with metallic 
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boclies, attracted the attention, and called forth the 
astonishment, of philosophers ; for the appearances 
were such as to confound their ideas of the mechanism 
producing them. In attempting lo explain these ap- 
pearatLces, electricity however was first resorted to ; and 
from that period every mind was directed to this new 
branch of physics. A variety of experiments were 
made, or rather, experiments ssimilar in their nature 
were accumulated ; and the phenomena^ confided at 
first in their action to the animal economy, passed 
afterward into the department of chemistry, where, 
from their mode of decomposing water^ many of the 
learned were led to doubt if the electric fluid were 
the real agent. 

As the discussion advanced the doubts increased, 
when Volta, residing in the same Italy which had 
given birth to this new species of science, discovered 
the true principle of its theory, in a fact equally re- 
markable for its simplicity and fecundity; all the 
appearances which had been observed deriving their 
explanation from the contact merely of two sobstance^ 
of different natures. The doctrine of this celebrated 
manj spreading fir^t through other countries, was not 
known in France till he came himself to explain it in 
person to the National Institute. The sitting of that 
day wiil long be remembered, in which he was re- 
ceived with so much interest by a hero, whom the 
Ifeartied ate as proud of beholding among them, as are 
armies of seeing him at their head, and the receptiou 
iVas followed by a mark of distinctioti that enhanced 
the gloiy attached to the discovery itself 

• fa flie Mtting of thb Mitheroaticdl and FttllosopWcd €lttS* of tHe B^- 
tioft*] Itwtitate, held 16 Bmmaire, jear % it ^aa pfopoaed by the first 
consul, after a meuwir Imd been rend by Volta* in whicli he gave an accuujit 
q{ hU discovery, that a gold medal shmld be decreed to thb pbiloaopher ; 
mad, on 11 fnmaire followujg, the dm imaaluiaiialy adopted th^ rtzom- 
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Ifi tttetitig this ^object, ite shall first rtlafe th6 
4]^]p«arances whi<^h gave rise to the electricity called 
gdhdmc: we shall rtext explain the theory by nfieand 
of which Volta succeeded irt acconnting for those ap- 
pearances : we shall then proceed to other phenomena, 
belonging, like the first, to the amnral economy, but 
l^oduced by the spontaneous motion of certain fish, 
ftf which the most celebrated is the torpedo; and, 
lastly, we shall consider galvanic electricity as it it 
eonneeted with chemistry by the decomposition of 
#ater. 



Origin of Galvanic Electricity. 

46fl. The first traces of this species of electricity 
are found in the account which Sultzer published in 
>767, of an experiment, that is now well known. He 
took two pieces of diifer^t metals, such as silver and 
kad. Of these he pkKred one on the upper surface of 
the tongue^ ahd the other underneath the tongue, the 
pieces projectitig beyond the tip of that organ. H<i 
fh€n inclkited the two metals toward each other by 
dieif prbjeeting esttremities, till they ihet ; and at the 

iittkhrtkm of a eotnttnttM tkmObated ibr the pdrpMc, wMeh wks, to present 
to Volta the medal of tlie National Institute, in gold, as a testimony of tha 
latisfiution of the claw, for the admirable diacovcry with which he had en* 
ifiched the theory of electricity, and as a proof of their gratitude for hit 
Uving iratmrtrd it to them. In Xh6 sitting of 36 Frairial, year lO, the 
■nnister of the interior, Chaptaly commfinlcateti to iht satne class a letltef, 
in which the cluef cOusuI signified his intention of founding a prise medrf^ 
of 3000 francs, for the best discovery that should be made in every year on 
ttb Gidvabic fluid;. and, as a further encooragement, the sum of 60,000 
ffafacs td whoeirer, by experiments and discoveriei, should benefii elec- 
triciiy and Galvanism in the mult degree in ^hibh those iderices had beml 
benefited by Franklin and Volta, the class to be the judge. The programma 
on the subject of these prizes, drawn up by a new committee, was read at a 
pablictitlbt^^'^ikiMltflte, if ]iretfiabr,inihetameyear. 

b2 
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instant of contact he experienced a taste, which he 
compares to what sulphate of iron produces. Hence 
he infers, that the junction of the two metals occa- 
sions ill oue of them or in both conjointly a vibration 
of their part ides J which vibration, necessarily acting 
"upon the nerves of the tongue, causes the sensation 
we have mentioned* It not unfrequently happens, 
that those who make the experiment are affected by a 
kind of light, that appears to pass before their eyes, 

463. The phenomenon we have related, though 
similar in its nature to those belonging to the new 
branch of electricity, was unaccompanied at the time 
by any useful inferences : nor was it till the year 1789? 
that another fact, obtained by chance, gave to the 
mind sufliicient impulse to induce it to enter a career, 
in which so many interesting results awaited it. A 
inedical student at Bologna, in dissecting a live mouse, 
which he held tight in his hand> felt^ as he touched 
one of the nerves with his scalpel, a commotion similar 
to what is produced hy electricity This fact, whicli 
was rumoured over all Italy, gave rise to a variety of 
conjectures as to the nature of the agent occasioning 
it, which many philosophers supposed to be the 
nervous fluid, or, which they considered as the same 
thing, the electric fluid. 

464. Shortly after, a new phenomenon presented 
itself, and in a manner equally unexpected, in the 
house of Galvani, anatomical professor in the same 
city. On a table, on which was an electrical machine, 
some frogs were placed, ©which had been skinned in 
order to make soup. A pupil at the table took it into 
his head to apply the point of a scalpel to the crural 
nerves of one of these animals, and the muscles of the 
frog were instantly in strong convulsions. Another 



* la$aA ftur rHistoiie g^n^Tale Sciences^ &c by J. B, BiciC, P- 
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pupil did the same to another frog, and the same 
effect followed. A third conceived, that he had ob- 
served the convulsions take place at the precise mo- 
ment that a spark was dra^Ti from the conductor of 
the machine. Galvani, whose attention had been 
otherwise employed, on being informed of what had 
passed, repeated the experiment, sometimes with the 
electric spark and the scalpel together, sometimes 
with the electric spark alone, and sometimes with the 
scalpel alone, and he found the contractions not in- 
creased by the scalpel, and that the spark was suffi- 
cient to excite them *. That the frog, not being 
insulated, but within the sphere of action of the 
machine, should acquire resinous electricity, while the 
machine was at work, was readily understood ; but, as 
to the sudden return of vitreous fluid in the body of 
the frog, on the application of a spark from the con- 
ductor, it was an effect similar to what is known by 
the appellation of the returning stroke (448). 

Galvani varied the experiment several ways: he 
made use of the electrophorus and other apparatus ; 
he tried even the action produced by the electricity 
of lightning: and in every instance in which the 
means employed were calculated to put in motion a 
certain portion of the electric fluid, the effects were 
analogous. 

465, Hitherto this philosopher had perplexed him- 
self in vain to derive some new and valuable truth 
from phenomena, in which his profoundly scientific 
mind had been able to perceive no results but what 
appertained to common electricity. All his attempts 
were ineffectual, or at least tended only to prove the 
extreme susceptibility of cold-blooded animals relative 
to the electric action, and whatever might be curious 

* Aloyw Galvuu, 4e finlrnt tlectricit in motu nuscolari comnentar. p. t« 
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Jiex,e, WAS iijiteresltfiig qn]y to physiojogy. Ope d^y, 
^ he lipli fi frog su^pendfid hy tii^e spijwl n^^rojjr tQ 
1^ haojc, it acjcyrjced to ^im to press the hoolj: 
fl^i^iflst th.e iron rajjings x>f a beJcony in wl^ich he wft» 
^t;^^iQgy aji;id in doing jtl^is frjequently he per£eiye<j[ 
^O^e than once the muscles jof the frog to contract ; 
jt>JW k^V^i^y d^jed to flatter himself on these {^vQurr 
?ble indj.c.ations, conceiving them to af jise from the 
^J^ctficity of the ajtfli^osphere *. H^iying how/^vef 
ci^ri.ed tj?je frog into a room of whicji the wii)4pw# 
wier.e $hu^> he pl^vCed it on a plate of ifor^f and o^ 
fT^^^^ng the hook U) which the fr^ n^ras suspendis4 
^g^ii^st this pjate, he found the coijtjr^citions repeated. 
^ pymber of similar experiments enabled him to dis-^ 
pard every extran^eou? circumstance^ and to reduce the 
^ipparatus to its true limits, by ^s^cribiftg tljie phenomena 
to a c.on^injanication between the nerves ^nd muscles of 
§ frog, established by means of a me)ti^llic arc. 

466. Galvani had remarked, that wl?en this arc conr 
sisted of one metal only, there were either no contrac- 
tions, or very slight ones ; and that w arc composed 
of two different metals was necessary to render them 
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467. Let us now enter a littk more into detail re- 
^pecUag the results obtained by Galvanic adding those 
of other philosophers who have engaged in the «anH 
experiments. The general object of these experi* 
ments is to establish, by means of a cooductory ordiiH 
arily composed of several different metalsp a coiii^ 
munication between two points of the animal, taken 
in the same set of nervous or muscular organs. To 
the part of these organs which is situated between tlif 
points of contact, the name of metallic arc ba3 been 
given; and the metallic substances, by means of 
which these points are brought into commuoicationt 
have been called the excitatory arc. 

468. The organs which have been preferred for the 
subjects of experiment are the crural nerves and the 
muscles of the same part in which the nerves are 
distributed. If, for example, a crural nerve having 
been laid bare, a sheet or coating of lead be placed 
underneath this nerve, and a coating of silver under 
the thigh on the corresponding side, and the com* 
munication between the lead and the silver be esta^ 
biished by means of a copper exciter, the crural 
muscles will experience, at the moment of contact, a 
strong contraction, which will shew itself by a con* 
Yulsive mption both of the thigh and leg. 

469* If one of these coatings or supports be place4 
at the extremity, and the other on the middle, of the 
same nerve, the double contact of the excitatory arc 
will equally produce convulsions in the same thigh 
and leg. 

470. If the frog be reclothed in its skin, and, aftei 
being fixed to a table, a coating of lead be placed oi| 
the beljy, and another of silver on the pelvis of tb# 
animal, the same convulsive movements will still take 
place, from the double contact of the excitatory arc 2 
l>ut they will be much weaker. 
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471. One of the supports or coatings may be 
omittedy for instance that of the nerve, and the nerve, 
in its bare state, be placed in contact with only one of 
the extremities, while the other extremity touches the 
coating of silver placed underneath the muscle : and 
the convulsions will be the same as in the instance of 
the two supports. 

472. Lastly, convulsions may further be excited by 
placing the nerve and muscle on pieces of the same 
metal, and then causing the two pieces to approach 
one another till they meet : but the commotions in 
this case are less manifest, are always slight, and, if 
the frogs be weak or fatigued, are wholly imper- 
ceptible. 

In a report to the Mathematical and Physical Class 
of the National Institute, drawn up by the celebrated 
Halle, in the name of a committee appointed to ex- 
amine and verify the phenomena of Galvanism, are a 
number of admirable experiments of this kind, exe- 
cuted with great accuracy and knowledge of the 
subject. 

As the theory of Volta was not known at that 
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nature : and here the slightest shades, such indeed as 
we might be led to consider as of trivial importance, 
are sufficient to govern the results. 

Valli, who may be regarded as the successor of 
Galvani, in the study of this new branch of electric!^, 
had observed, that when the two plates of metal widi 
which the organs of the frog had been armed were of 
plumber's lead, an excitatory arc of the same lead pro- 
duced no effect: but if assayer's lead, which is alwajs 
much purer, were substituted for one of the coatings 
only, though the exciter and the other coating were 
both of plumber's lead, the convulsions were apparent. 
To ascertain a difference, between two metals, in other 
respects the same, Halle tried the experiment of 
simply rubbing one such piece of metal against an* 
other of a different kind : as thus, he placed under 
the ner\'e a plate of silver, that had not been touched 
by any other metal, and under the muscle another 
plate of silver, that had been previously rubbed with 
copper, which he so placed that the rubbed part 
should be in contact with the organ ; and on bringing 
the two plates togetlier, a sensible effect was pro- 
duced. In another experiment, he combined a plate 
of pure silver with another that had ^ alloy of a dif- 
ferent metal, and the convulsions took place. The 
- following facts are also deserving of attention. One 
of the coatings being of silver and the other of lead, 
the experiment succeeded with a leaden exciter ; but 
it failed, when, the two coatings being silver, a copper 
exciter was used. Hence it followed, that any dif- 
ference in the metals forming the excitatory arc, gave 
to that arc a very decided influence on the pheno- 
mena. But care was to be taken not to employ sup« 
ports perfectly similar, even when the exciter was of 
a different metal. We shall soon see, that these * 
effects, which it appeared so difficult to comprehend, 
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ff^f4i n»^]y ^IW^d tp th? trw ^mdfk of the 
fbeGry, tb^t it would he djfi^ci^U to fix upon expen^ 
ments better adapted m illu^trjite tbat principle, a^^ 
^ exbibit its i^Cer^stiog applications. 

474* Let us now con^idpr in wbat manner the c^ii$e 
pf the phenop^ena have despribed was ^t fif^t un*" 
4€r«tood. G^lvani made them depend on what he 
C9H^i the electrical nervous fiui4^ and he pQaceive4 
^b^t the conYi|}sions which tb^e frog experienced, like 
|h^ comaiotion excited by the Leyden phial, we|"« 
^^lu^d by the re-estabUsbmcnt of equilibrium between 
two eoatrary electricities, the positive and the negative. 
Apd, he b^ sometimes observed, that ^n arc con* 
fisting of one metal only would act upon the frog, it 
appeared to him not at al) natural to suppose thi$ 
fingle m^tal to be the seat of the two electricities,, 
he therefore conceived there was no alternative 
l>llt to place them in the animal itself 

Qalvani afterward endeavoured to ascertain, whether 
we of these electricities resided in the muscle, and the 
other ift the nerve, or whether they existed simijltane* 
Du^ly in each of the two organs. After trying in vain 
|p resolve this question by decisive experiments, he 
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tl^is (cl^.sc^£urge| ^^nak>go<^ tp wh^t tq,kes place ui die 
Xey4^Q ejcperijHcnt, produced the commotion 

.475. Ynia 3^90 adoptied the coocurrmg iiiflii|siice 
li^ie jt^o iiSkrejit' ekctricities in the pbeaoI^elaa ef 
Da^cji^Iai: €0)itr94Cl4onsy with this dlf&rencey that he 
.Gpa$id$red the interior of the muscks »i electri6e4[ 
^gc^t^y^elyy the exterior as being in tfa^ pesitiye 
state f . . 

476. Volta declared himself at first in favour of this 
double electricity inherent in the animal, but con- 
ceived, that it acted in a different manner. This cele- 
brated naturalist took a Leyden phial very slightly 
charged, and, having placed the hook of this instru- 
ment in contact with the nerves of a Arog, he made 
the exterior furniture communicate with the museles. 
In this state of the experiment he thought it evident^ 
that the frog received impressions ; whereas when the 
bottle was presented in a contrary way to the two 
organs, the animal appeared insensible. Hence he 
lyas led to conclude, th^t the nerves were the seat of 
negative, and the muscles of positive, electricity J. 
Galvani, informed of this explanation, thought it so 
plausible that he adopted it, declaring, notwithstand- 
ing, that, in his opinion, it still left many difficulties 
to be solved But science had reserved for Volta 
a triumph more worthy of him. 

477. One of the persons who has attacked Galvani's 
theory with most success ig the learned Psaff, professor 
at Kiel. He proved, that so far from the organs of 
the frog bearing an exact comparison with the Ley- 
den phial, there was a great difference between them. 

J» Dp vifl])^s d?pjri<g^. p. 40. et seq. 
t IljUtoire de JUectrv^t^, vol. I. p. 68. 

X See Caruunati's letter to Galvani, ipserted ill fbfii ^^i^fpltitfjf ^^91^ 
cited, p. 67, &c. 
$ See Galvani's answer, at the end of the fame work. 
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Among other experiments, he cited that in which the 
two coatings being applied to the nerve, the contrac- 
tions appeared ; though, in this case, the excitatory arc 
which produced the discharge rested, by its extremi- 
ties, on the conductor of the pretended electrical ma- 
chine. This observation, as will readily be seen, 
struck with equal force at all the modes of explaining 
the phenomenon, that had yet been proposed, 

Theary of Volta. 

47B. In the first experiments undertaken by GaU 
vaniy the effects were ascribed to the influence of 
common electricity on the organs of a frog. This in- 
fluence he soon discarded, and referred all to a com- 
bination of these same organs and a metallic arc. At 
that time, nothing appeared so simple as this appara- 
tus. But tl\e moment was not arrived when Volta 
was to announce to philosophers, that metals only 
were requisite to display the true ground of the 
theory. We shall attempt to deyelope the principles 
of this celebrated naturalist, as he has himself com- 
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480. If two different metals, insulated, and possess* 
1 ig only their natural electric fluid, be brought into 
contact, there will be formed in them, in consequence 
of this combination, two opposite kinds of electricity^ 
so that, when they are separated afterward, one will 
exhibit signs of vitreous electricity, and the other of 
resinous electricity. Suppose, for instance, two discs 
to be applied to each otlier, one, x, of zinc, the other, 
Cy of copper (6g. 55, pi. IX.), attached, by the middle 
of the surfaces not in contact, to two gloss cylinders, 
dff abj which the operator holds in his hands by their 
extremities, to keep the two discs insulated. In tliis 
case the zinc will acquire vitreous electricity, and the 
copper resinous electricity. This may be verified by 
means of the condenser (fig. 56), which we have al- 
ready described (443). Having separated the two 
discsj let that of zinc be placed on the knob and 
touch at the same time with the other some indifferent 
object to restore it to its natural state. Let this oper« 
ation be several times repeated, to accumulate in the 
collecting plate the small quantities of vitreous fluid 
which the zinc acquirer every time the two discs are 
applied to each other. If tlie upper plate, a 6, be after- 
ward taken away, the straws of the electrometer will 
recede from each other, and the application of a stick 
of Spanish wax electrified by friction will evince a 
vitreous electriiuty in the straws, by determining them 
to approach again. If we begin the experiment anew,* 
and substitute the copper disc in place of the zinc, by 
bringing it in contact with the knob after every 
application of the two discs, we shall find the elec- 
tricity of the straws to be resinous. 

481. To facilitate the explanation of the pheno- 
mena, we shall represent the sum of the two kinds of 
electricity, the vitreous and resinous, one belonging 
to the zinc, and the other to the copper, by unity. 
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This sum, equally divided betweert the two discA, ^ill 
give I for the quantity of fluid of each ; and if yf6 
use the negative sign to" distiiigiiiBh the fraction indi- 
cating the resinous electricity, the state of the ainc 
Infill be expressed by and that of the coppet by 
^ J, We shall presently see^ that, from certain eir- 
eumslaoces^ the absolute quantities of fluid may vary 
in the two metals : but the difference 1 betvi^een th^ 
state of the two discs remains alwitys the sfime* 

In thuB expressing the slate of the two discs, we 
suppose them to be insulated. But let us conceive^ 
at the very moment they are so, a communication td 
be established between the disc of copper and the 3ur- 
rolinding bodies ; this disc w^ill then tend to regaiii 
from the earth a qualitity df vitreous electricity suf- 
ficient to neutralise its resinous electricity; and iti 
feew state will accordingly be represented by zero. 
But if the zinc, the state of whtch was + J, were td 
experience at the same time no change, the difference 
in the state of the two discs would simply be J : but, 
from what has been said, it ought to be unit: the* 
%mc therefore, that this condition may obtain, will 
acquire from the ground a new portion of vitreout 
fluid equal to what it possessed before \ and thus, thc£ 
state of tlie coppet beitlg still ^ro, that of the zinc 
will be represented by unit. 

If, on the other liand, the ziric disc were to be 
placed in combinatioti with the surrounding bodies^ 
its state would tbeti become zero, and that of the 
©opper disc w^ould be — 1, as will readily be con- 
oeived, 

482* Let us now introduce into the apparatus bodies 
moistened with water, and sec %vliat will be the result- 
According to Voku^ when a body of this kind is placed 
between two metals, ita sole effect, at least far as it 
perceptible, is to transmit the fluid froHi on^ metal to 
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the othev ; fCml the di^tribuiioii df the fluid tnken plcic# 
then as in ordinary instadces; thdt is to say, if ihi 
metals are similar in form and of equal surface, there 
\rill be the same equality in their portions of fluids 
^ft^r the comiliunieation. 

There are thus two cases of equilibriutti : dne of 
contact, which exacts a difference of state measuraf 
invariably by one between metals of a different naturer; 
the other of distance, by the interrcntiort of a humiif 
body, which requires, other circimistanccs being eqttiJ, 
that the metals be in the same state of electricity. 

483. The following experiments exhibit ifi a trery 
perspicuous manner the two instances of eqailibritiitt. 
Take a metallic plate consisting df two pieces, copp^f 
and zine, soldei'ed together endwise : of thi^ plate hdhf 
the copper extremity in (he hand, and touch With th^ 
2Jinc extremity the knob g of the collecting p\M, 
iVhich is df copper. If th6 honitisulated plate thfffl 
taken away, the straws of the electrometer trill sftetr 
no sign of electricity. For the state of the ceppmP 
held between the fingers being eero, since that meUi 
eommunicates with the surrounding bodies, the ^UM 
of the zinc will be 1 ; and as the same differettcii 
ought to exist between the ziric and the collecting 
ptate, the state of that will also be zero : whence it 
follows that the apparatus will have undergone no 
change. 

484. Let us now suppose paper wetted with watef 
to be introduced between the zinc and the collecting 
plate ; that plate will then become charged with vitre- 
ous electricity. For, that the two equilibriums may 
exist, it is necessary that the state of the copper ex- 
tremity held between the fingers be always zero, th6 
state of the zinc always 1, and that that of the collect- 
ing plate, supposed to have the same dimensions as 
the zinc, be also represented by unit ; and it is further 
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cvicfent, that the electricity of this plate ought to be 
vitreous, like that of the zinc. 

485. The maatier in which Volta conceived the elec- 
tricity to be produced, wliich takes place on two metals 
leing brought into contact^ is a little diflerent from 
TV'hat we have represented* This celebrated naturalist 
appears to admit of an active force impelling into the 
•ainc a portion of the electric fluid residing in the 
copper; and hence it is, that the first is found elec- 
trised positively, and the other negatively- In the 
experiment (482) in which a piece of zinc soldered to 
a piece of copper held between the fingers, is placed 
in immediate contact with the collecting plate of the 
eondetiser, the collecting plate remains in its natural 
state, because the zinc is in contact with copper at 
fcoth ends : from which it follows, that there are two 
equal forces, which, acting contrary ways, destroy; 
^ch other We have thought proper to follow the 
fame plan here, which we observed in treating of elec- 
Iricity produced by friction or heat ; that is, to eon- 
^e ourselves to a simple elucidation of factij, without^ 
^tering into the con:sideration of the motive force 

hich seems uot to be yet well understood* 
. 486. We now deem ourselves competent to explaiii 
ibe effects of the apparatus known by the name o 
Voltas pile, and, in doing this, we shall take for out 
guide the most methodical and luminous work that 
has hitherto appeared on the subject, which is a re- 
port made by Biot, to the Maihematical and Physical 
Class of the National Institute, in the name of a com- 
mittee of twelve members chosen from that class,' 
Tlie pile is composed of discs of two different metals, 
for example, of copper and zinc, placed flatwise one 
an the other by pairs, with a piece of wetted paste^ 

I 

* Jouiual de Fhjrs. Veudemaire, jcar 10, p. 213. 
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board or clotli between every pair, as is represented 
in figure 57, where the letter c shews the discs of 
copper, z the discs of zinc, and h the humid conduc- 
tors. Every pair of discs is considered as forming 
one of the elements of the pile. 

487. That we may proceed with the greater sim* 
plicity, let us first consider the pile as insulated ; and 
suppose that we have begun to construct it by placing 
only the first pair, c 1, z £, on the insulator, the copper 
disc being the under one. From what has been said, 
it is clear that the state of the copper disc will be — 
and that of the zinc -f j. Let us now place above the 
disc z a humid conductor, h, and above this conductor 
a copper disc, c 3. That the condition of tlic equili- 
brium of distance may be fulfilled, it would sufiice that 
the zinc z 2 should cede to the copper c 3 half its fluid; 
and then, the state of the copper c 3 being always — J, 
that of the zinc z £ would be J, and that of the copper 
c 3 also \, But in that case the diilorence between 
the first two discs would be only |, whereas it ought 
to be equal to unit. A new distribution of fluid will 
therefore be established between the three bodies, by 
means of which the state of the copper c 1 will be* 
come — I; that of the zinc z 2 will be — f+1 or-| ^; 
and that of the copper c 3 also which answers to 
the conditions of the equilibrium. 
. If we add a fourth disc, z 4, it must necessarily have 
a unit more .than the copper c 3, and this will occasion 
a further change in the relative quantities of the lower 
discs; so that we shall have — 1 for the copper c 1, 
for the zinc z 2, for the copper c 3, axfi 1 for the 
zinc z 4. 

By pursuing the same chain of reasoning, it will be 
easy to, ascertain the electric states of all the different 
parts of the pile, whatever may be the number of 
discsi Th^ quantities of vitreous electricity and those 
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of resinous electricity will form two aritbrnetlcal pro- 
gressionsj in each of which tlie difference between any 
two consecutive terms will be unit. 

If we suppose the number of discs to be even, we 
ahall have the state of the first c 1, by dividing that 
number by 4, and giving Lhe negative sign to the re* 
ault. Thus in the pile represented in the figure, which 
consists of 12 discs, the state of the first is — ^ or 
— 3; which gives successively for ihe different pairs 
— 3—2, — 2 — 1, — IH-O, O+I, +1 + 2, +2+3. In this 
instance the sum of the two progressions will always 
be ^ero; the lower disc which is copper, and the 
upper disc which is zinc, will be in two equal and op- 
posite states of electricity; and it will be the same 
with any two discs taken at an equal distance from 
the extremities. Also, previous to the passage of the 
resinous electricity into the vitreous, the action wiU 
become evanescent ; so that there wili be two discs in 
the natural state, which will be those in the middle of 
the pile. 

If the number of discs be odd, we shall find the 
state of the first c I, by taking the fourth of the num- 
ber, with the negative sign, and adding to the result 
unit divided by four times the same number. Suppose 
the number of discs to be 7 ; the state of the first wili 
be or — So that we shall have successively 

for the different discs — S^ -4t — H-t» +t> 
+^. In every case of this kind also, the sum total 
is zero, 

4B8. Let U3 now suppose a communication to be 
established between the lower extremity of the pile 
and the earth below it- The first disc, c 1, will 
then tend to place itself in equilibrium with the sur* 
rounding bodies, and to resume its natural state; 
which cannot be accomplished without the other disc^ 
changing their state also> in such manner that the dlf- 
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ference in that of any pair shall still be unit, and there 
shall be an equality between the two discs belonging 
to the same humid conductor. Hence it is easily seen, 
that the state of the different discs will be successively 
O for c 1, 1 for z%^\ for e 3, 2 for z 4, 2 for c 5, 3 for 
c 6y &c.; from which it follows, that the states of 
every species of metal will form an arithmetical pro- 
gression, of which the first term will be zero for the 
icopper, and unit for the zinc, and in which the differ- 
ence between two consecutive terms will also be unit* 

In the same iustance, the sum of the terms of the 
two progressions united, will be expressed by the 
square of the number of either kind of discs, sap- 
posing the total of both kinds to be even. Thjas in 
the pile represented by the figure, containing six discs 
of each kind of metal, the sum of the terms, or, which 
amounts to the same thiug, the charge of tlic pile, has 
36 for its expression. Hence it results, that, cateris 
paribus^ the phenomena depending on the quantity of 
electricity accumulated in the pile, increase more 
Tapidly than those which depend on the quantity dif- 
fused ov«f the upper disc. For instance, let two discs 
W added to the twelve composing the pile we are con- 
'sidering, and the change will be represented by 49f 
making a difference with the preceding pile of 13; 
while the state of the upper disc will be expressed by 
7) of which the difference from that of the other pile 
Is simply equal to unit. 

The law we have announced relative to the different 
states of the discs succeeding each other in the pile, 
is the simplest tliat can be imagined ; but it is ex- 
tremely probable, that experiments of greater preci- 
sion than those which have hitherto been made to 
ascertain it, would subject it to new modifications. It 
may ev^en be presumed, that there are other agencies 
here, tb» inflwftCf of which, tl^ough weaker than that 
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of metalsj will deserve appreciating, if we wrould obtain 
a rigorous resuU j which will require all the resources 
of the moat skilful physical sciencej combined with the 
acutest powers of analysis, 

489- To comprehend still more completely the dif- 
ference existing between the insulated pilcj and that 
which is not insulated, let us compare them with each 
other as to their effect in charging the condenser. If 
ive place the upper disc of an insnlated pile in con- 
tact with the collecting plate of that instrument, the 
plate will draw off a part of the electricity of the pile, 
so that the portions of fluid in the different discs will 
he in a state of variation till the equilibrium be re- 
estabhshed. But the charge of the condenser will be 
limited from the circumstance even of the insulation, 
which prevents the pile from having more than Us 
natural quantity of fluid, it being then unable to draw 
any from the surrounding bodies* Let us suppose, on 
the other hand, the pile to communicate with the re- 
ceptacle by its base* In proportion as it shall yield 
its fluid to the collecting plate, it will repair its loss at 
the expense of the common reservoir; so that the 
tension of its upper disc will remain the same, and the 
condenser gradually charge itself with a quantity of 
fluid proportionate to its capacity and condensing 
power* Hence we see, that in the latter case the 
charge of the condenser, other circumstances being 
equal, will be perceptibly stronger than if the pile 
were insulated- 

490- We have said (487) that, the pile being insu- 
lated and the number of discs even, there will be al- 
ways two of thein in the natural state, and that these 
two w^ill occupy the middle of the pile. This last cir- 
cumstance does not take place when the upper disc of 
the pile communicates with the condenser ; the posi- 
tion of the point, at which the electricity is- at zero. 
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varying then according to the condnsitig fi>rce and 
capacity of the instrumeht. For, that the eqoilibriam 
may be established, the charge of the condenser, added 
« to the portions of vitreous fluid difiused through ther 
discs situated between the instrument and the .point 
zero, must constitute a sum equal to the combined 
quantities of resinous fluid contained in the discs in- 
cluded between zero and the insulator. Now, in th^ 
first place, it is easy to conceive, that in general the 
action of the condenser tends to raise the point zero 
above its first position. Also, in proportion as con«. 
densers capable of being more strongly charged are 
used, the point zero approaches continually nearer to 
the upper disc, or, which is the same thing, the num- 
ber of discs electrised vitreously diminishes, while the 
number of those which are electrised resinousiy goes 
on increasing. Therefore, if we suppose the force of 
the condenser to be infinite, it will absorb all the 
vitreous electricity of the pile, so that zero will corre- 
spond with the upper disc, while the rest of the pile 
will be in the resinous state. Thi§ case is that of a 
pile insulated at bottom, whose upper disc, which is 
zinc, communicates with the earth below ; and this,^ 
having an immense capacity, in comparison with that 
of the pile, performs here the function of a condenser 
whose force would be infinite. 

491? All the results we have stated tend to prove, that 
the progressive increase of electric density, which regu- 
larly takes place in the different discs, from the base to 
the summit in a noQ-insulated pile, and from the middle 
to the extremities in an insulated one, depend on the 
ipterventioQ of humid conductors. Let us imagine a 
i)on-insulated pile, composed simply of metallic ele- 
ments placed immediately one above the other. The 
effect of the first element will be regularly repeated 
from the base to the summit without any increase ; so- 
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that if the pile begins as usual with a disc of copper, 
the electric state of the different elements will be re- 
presented by 0-f- 0+ 1, If, on the con- 

trary, the pile be insulated, the series will become 
+ i» — i + Jf — i+ it &c- And thus nothing would 
be gained in either hypothesis by augmenting the 



the 



height of 



the 



1 



4 



number of elements, or adding to 
pile 

492* Some philosophers have adopted a different 
mode of constructing the pile from what we have re* 
presented* In ours the discs and humid conductors 
w^ere arranged in the following order, from the bottom 
to the top : copper, zinc, humidity ^ copper, zinc, 
humidity ; 8cc, the pile terminating with a pair of 
discs, copper and zinc, that have no intervening con- ^1 
ductor* The other pile wa?5 arranged thus : zinc, hu- 
midity, copper j zinc, humidity, copper, Kc. with a 
single disc of copper on the last humid conductor* 
These two modes of forming the pile have given rise 
to various disputes among the learned, some maintain- 
ing, that the true element of the pile was a pair of 
discs, copper and zinc, followed by a humid conduc- m£ 
tor ; while others were of opinion, that the arrange* ™ 
meat constituting the element of the pile was zinc, 
humidity, and copper. From the principles we have^^l 
laid down, the question may easily be solved* In the ^ 
second method of arranging the pile, the disc of zinc, 
serving as the base, is considered as fonning a part of 
the common reservoir, and the true pile as com- 
mencing at the first disc of copper that is in contact 
with a disc of zinc. On the other part, the disc of 
copper stationed alone on the top of the pile ca 
have no other function than that of simply sharing^ij 
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fcj the interventioQ of the homid conductor diat pi^ 
cedes it, the fluid of the zinc which is in contact with, 
the same conductor. Hence it is, that if a wire be 
placed in commuoication with the zinc commencing 
the pile, and another in comn^unication with the 
copper terminating it, the first wire will be electrised- 
resinously and the second vitreously ; so that this pile 
will appear to produce effecU directly the reverse of 
what is produced by the other. But all this^ will be. 
reconciled, if we distinguish the poinu at which th^ 
wires are placed in contact, froqn those which constU 
tute the true limits of the pile, 

493. Among the different bodies that have been 
chosen for electrical experiments, previous to the dia-^ 
covery of Galvanism, the tourmalin (454) appears to 
bear the strongest analogy to an insulated pile, at least 
relative to the distribution of the two species of elec* 
tricity. . In the tourmalin, as in the pile, the action 
of the two electricities diminishes gradually from the 
extremities to a certain term, where it is reduced to 
zero. Further, it is easy to conceive that if a pile be 
divided into several portions each copaposed of a cer* 
tain number of elements, and these different portions 
be insulated, they will instantly become complete piles, 
and their halves be solicited by contrary eiecuicitiesy 
precisely as is the case with detached fragments of a 
tourmalin. As far however as the present state qf ouf 
knowledge will enable us to judge, there is in several 
respects a striking difference between the two bodies. 
In the electrisation of the pile, each fluid transmits 
itself from one disc to the other by the mediation of 
a humid conductor : on the contrary, when the tour* 
malin becomes electrised, each fluid remains, after its 
disengagement, in the same molecule in which it was 
previous to the state of combination (458). The elec 
trie densities too of the pile decrease slowly from the 



extremities to the tniddle, wher6 they vanish; while 
in the tourmalin they diminish rapidly ^ so that the 
points at vi hich they are reduced to zero approach 
more or less near to tlie extremities* Notwithstand- 
ing these differences, a committeej formed of several 
members of the National Institute, have judged, that 
A comparison of the Voltaic pile with mineral sub- 
stances elecirical by heat, was worthy the serious 
attention of naturalists 

494, SometimeB, instead of the pile, the apparatus 
termed a couronne de tosses (corona of cups) has been 
substituted. It consists of a series of glasses filled to 
a certain height with water, and made to communi- 
cate with each other by means of metalhc arcs, which 
have a plate of zinc soldered to one of their extremi- 
ties, and a plate of copper to the other. These con- 
ductors are so arranged that the copper extremity of 
one is immerged in the water contained in tlie first 
glass, and the zinc extremity of the same in the water 
of the next glass, and so on through the whole series. 
There will accordingly be in every glass a plate of 
copper and a plate of zinc, belonging to the corre- 
sponding conductors^ and having an interval between 
them. And thus the succession of metals and humid 
conductors is the same as in the pile. 

495* From the preceding statements it is manifest, 
that the theory of the celebrated philosopher of Pavia 
wholly depends on the phenomenon, unknown till that 
time, of an electricity, not produced in any of the or- 
dinary ways, either by friction, or communication, or 
heat, but by the simple contact of two metals. If any 
trace of this subject could be found among the an- 
cients, like one of those rays of hght which sometimes 

* See the Report to the Mathematical and Physical Clftsa of the Nation^ 
lo^litute, on tbc priie ibunded by the hst coi^^ul, p> 3« 
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precedes the most brilliant diicoveries, bnt whidi 
sparkles for an instant and disappears, it would be ia 
the little which Newton has written on dectricity ; a 
science which was then scarcely bom. This great 
man, after remarking that the attractions produced bf 
gravity and the magnetic and electrical virtues so ma« 
nifestly operate at a distance that they have been per* 
cepdble even to men of the commonest capacity, addi^ 
that perhaps there are also attractions restricted within 
so narrow a space as to have escaped, hitherto all ob« 
servation, and that perhaps electrical attraction in par^ 
ticular operates at extremely small distances, without 
requiring to be excited by friction 

Different Experiments made with the Pile. 

496. The dectric action which took place on the 
mutual contact of metab, in the experiments on the 
frog, was extremely trifling in itself; and what espe- 
cially contributed to render its effects perceptible wai 
the extreme irritability of the organs that were the 
subject of it. This same action transferred to the pile, 
in which it increases by multiplying itself, is rendered 
capable of producing, by its sole energy, a number of 
phenomena analogous to those of common electricity, 
with differences that must naturally follow from the 
difference which exists between the motions of the 
fluid in the apparatus employed in the one case and 
the other, 

497. Let us r^ume the experiment in which the 
pile communicates with the common ground. If we 
touch the summit of this pile with one hand and its 
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base with the other, we shall expf riencc a cQnutiiioii^ 
commotion that sets on edge the organs, if we may so 
speak, and is 3omedaies felt only in the hand, and at 
others extends to the elbow, according to the tension 
of the pile. In this eaye the pile dischargea at its 
summit the excess of fluid of its different diacs^ at the 
same time that it repairs the loss, by means of the 
fluid which it regains at its base ; and there is thus an 
nninterrupted electrical current, shared between the 
organs and the reservoir, and it is this which occa- 
sions in the former the sensation we have described. 

498- Let lis now suppose the pile insulated. Its 
lower half being then in a negative stiite, or in a state 
of resinous electricity, will instantly tend to regain 
from the organs the quantity of vitreous fluid neces- 
sary to restore it to the same state as when it was not 
insulated, that is, to the state in which it was only 
charged with the quantities of vitreous fluid that aug- 
mented continiiayy from the base to the summit. The 
circulation will then establish itself through the organs, 
&s in the case of a non-insulated pile. But the organs 
heing imperfect conductors, it happens that when the 
pile is insulated, the column recharges itself in general 
less rapidly than when it repairs its loss at the expense 
of the ground with which it is in communication, and 
on this account ttie effect of the commotion must he 
less sensible. But it appears that this diminution is 
more than compensated by the greater rapidity of the 
fluid in the first instance, and the more concentrated 
action of the discharge^ of which the eftect is no 
longer shared between the organs and the ground. 
This explanation accords with the experiments of the 
celebrated Van Marnm, who has generally obtained 
from an insulated column more sensible effects than 
from a column not insulatedi and has remarked, that 
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in the^first instance the commotioiu in particular were 

very strong 

499. If the precaution be taken of dipping the 
hands in water previous to touching the pile at its 
upper and lower extremity, the commotion will be- 
come much more sensible. In this case the liquid, of 
which the conductive faculty is greater than that of 
the organs, favours the transmission of the electricity 
through those organs. The commotion will be stffl 
further increased, if two metallic tubes be uscti to 
touch the pile, the hands being wet as before. If a 
chain of persons be formed, and the individual at one 
end of the chain touches the upper part of the pile, 
and the individual at the other end the base of the 
pile, and all the hands of the party are wet, the com- 
motion will become general, provided the persons 
forming the chain do not exceed a certain number, 
which must be governed by the charge of the pile f. 

500. We have hitherto supposed, that the humid 
bodies employed in the pile, were wetted with pure 
water. But if a saline solution, made, for example, 
with muriate of soda, or, which is better still, muriate 
of ammonia, be used, the commotion will be incom- 
parably stronger. Volta has inferred from this cir- 
cumstance, that the action of the pile was favoured by 
the saline solutions, principally from their augmenting 
the conductive faculty of the water with which the 
pieces of pasteboard or cloth were wetted. 

These eifects will take place in the same manner in 
the experiment with the glasses, where, for the com- 
motion to be felt, it is simply necessary to place one 
hand in the water contained in the glass forming one 

* Annales de Chimie, 30 Frimaire, year 10, p. 305, 306. 
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9ft . • Galvdmm^ 

eictremity of the. series^ and the other hand in that of 
the glass situated at the opposute extremity. 
. If the hook of a.Leyden phial be placed in contact 
with the . top of the pile, while it» exterior surtace, 
communicates with the surrounding bodies, the phial 
will be so strongly charged, that its tension will be 
nearly equal to that of the pile* 

501. Suppose a loose piece of wire to be so fastened 
tp the summit, and another to the base of the pile, 
that the two wires may incline towards each other 
with a little interval between their projecting extre- 
mities. If the wire^ have sufficient freedom of mo- 
tion, their contrary electricities will determine them 
to approach each other till they meet, and if one of 
the wires be then taken from its position, the other 
will follow it, by continuing to adhere. , 

It is hence apparent, that between the effects re-» 
suiting from common machines, 'and those produced 
by the pile, there is this difference, that in the former 
the effects are annihilated at the instant of contact, 
while in the other they remain as long as the contact 
is continued. The pile once charged, becomes thus a 
reservoir of electricity, which, without the aid, and as 
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503. This naturaUj leads nn to a cotiparison of the 
eflTects of different piles, which are sup^ osed to vary 
according to the number and- size of thei^ discs. We 
shall adopt here the results al>tained by Van Marum, 
from a series of experiments executed ifith a discri- 
mination and accuracy for which he is celebrated ^. 
We have seen (487) that in proportion as the number 
of discs forming a column is increased, the column 
acts, other circumstances being equal, with the greater 
energy, from possessing a higher degree of tension. 
But suppose two columns formed of an equal number 
of discs, but whose diameters differ perceptibly from 
one another : on subjecting these columns to the same 
experiments, what will be die result f According to 
the observations of Van Marum, the tension will be 
the same in both ; there will be no perceptiMe differ* 
ence in the force of the commotions ; but the colunm 
with the larger discs will possess a much greater power 
of melting wire. 

504. The equality of tension in the two cases is by 
no means difficult to conceive. We may consider 
here a pile of large discs, as an assemblage of piles of 
small discs, placed one by the side of the other, and 
of which each would have a tension equal to that of a 
single pile separated : the only consequence would be, 
that the total quantity of fluid would be greater in the 
■pile of large discs, than in the other pile ; but the 
tension, which depends on the density (591), or the 
quantity of fluid accumulated in each pointy will be 
the same on both sides. 

505. To understand how it is, that in the commo- 
tions produced by the two piles there is no perceptible 
difference, we must reflect, that the commotion is not 
here, as in the Leyden experiment, an instantaneous 
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«flfect, it is th* result of a multitude of little sbocka, 
tucceeding crie another with inconceivable rapidity 
indeed, but ?tiU it is succession. We must further re- 
flect, that <he re-establinhment of the different discs 
in th*"«r pnmitive state, in proportion as we discharge 
the pile, also takes place only by degrees ; and it is for 
this reason, that when metallic conductors of consi- 
derable size are used, the pUe requires a certain por* 
tion of time to regain the same degree of tension. 
Now, on the uoe hand, the initial effect, which takes 
place at the commencement of the discharge^ is 
greater with the pile of large discs, in which there is 
a more considerable ma^s of fluid ; but, on the other 
hand, in the succeeding moments, the return to the 
primitive state is not eflected so rapidly in this pile^ 
as in the pile with discs of smaller diameter, because 
the fluid requires more time to diffuse itself over wider 
surfaces, and obtain the same density* It appears then 
that a sort of compensation is established between the 
effect of the gi'eaier mass acting in the first instant of 
time, and that of the less velocity taking place in the 
succeeding instants, la such manner that the total 
effect does not sensibly exceed that which is produced 
by a pile with small discs, in w hich, in general, the 
Telocity of the fluid is accelerated, but its mass is ia 
other respects less considerable, 

606. Let us now advert to the circumstance of the 
greater facility of the combustion , when a pile with 
krge discs is used. And here the fluid acts in like man- 
ner with much superior efhcacy by its mais in the first 
instant of time; which gives it the more advantage in 
determining the commencement of the combustion, 
as the wire may be compared to a slender canal, 
placed conveniently to receive an abundant and rapid 
discharge. The combustion however having once 
begun, is continued by the heat of tlie wire combined 
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with the action of the new qnantitiet of Amd whiek 
follow in succession. 

507. Van Mamm directed his experiments to a 
comparison, not less interesting, between the charge 
of the pile and that of a battery of 25 glasses, the 
latter apparatus forming together a surface of 157i 
square feet. He observed at first that a pile consist* 
ing of 220 pairs of metallic plates of silver and zinc, 
by means of a single contact -as short as possible, 
charged the battery to a tension equal to what it pos- 
sessed itself ; so that the pile atid the battery had the 
same effect on the electrometer. The commotions 
however produced by the battery were not so strong 
as those which were felt on using the pile : the reason 
of which 4sy that the discbarge of the battery was 
limited to the action of the fluid it possessed at the 
instant of the commotion ; whereas during the same 
instant, necessarily divisible however short it might 
be, the pik had already begun to recharge itself. 

The ejects of the pile were afterwards compared 
with those of an electrical machine having a plate 
31 inches in diameter. The object was to ascertain 
how many contacts of the conductor of the machine 
would be necessary to charge a battery to the same 
degree •of tension that would be effected by a single 
contact of the pile. That the results might be fairly 
compared, it was necessary to contrive that the bat- 
tery, while in contact with the conductor, should not 
receive a greater portion of electricity than the con^* 
ductor would furnish by a single movement o^ the 
plate of the same duration as the period of contact. 
To accomplish this, Van Marum applied a finger to 
the conductor while the plate was at work, and thea 
took it away for an instant scarcely perceptible, but 
precisely equal to that of his placing in contact with 
the conductor a wire, which lie presented with the 
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other hand by means of an insulated body and that 
commnnicated with the ground of the battery. The 
charge of the battery was thus reduced to the fluid 
which the plate developed during the moment of con- 
tact; and the experimerit shewed, that six of these 
contacts were necessary to charge tlie battery to the 
same degree of tension which followed from a single 
contact of the column*. 

It is not possible to read these results ivithout being 
aatonished at the immense quantity of electric fluid 
that accumulates^ in a very short space of time^ in the 
Voltaic pile, and at the extreme quickness with which 
the same fluid is moved in that instrument ; which 
kad ah-eady excited no small degree of surprise from 
this circumstance, that it acquires its power of itself^ 
without staodin^: in need of extraneous aid. 



DiiFcrent Substances that may be used in foim- 
ing the Pile. 

508. We have hitherto considered the pile as com- 
posed of the three substances that are most commonly 
^employed in its formation. But the attempts that 
have been made to vary the combination of its ele- 
ments, have led to very interesting results relative to 
the iufluence which the different bodies that may be 
employed exercise on one a^i other* 

5Q9i Any two metals, brought iuto contact, will be 
formed^ as we have before observed (479), into two 
(lifferent and contrary states of electricity. But Volta 
has discovered, that these differences, compared to- 
getlier in a number of varying metals, exhibit a very 
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ringular gradation. If, for instance, the following scale, 
fHheXy copper, iron, pewter^ lead, ainc, be formed, the 
state of any one of these metals will diiier so much 
more iVom the metal preceding, and supposed to be 
in contact with it, and so much less from the metal 
next in order ; and the law by which this gradatioA 
takes place is such, that the difference between the 
first and last metal is equal to the amount of ail the 
differences, reckoning from metal to metal in the 
series *. 

The better to fix our ideas, let us represent the dif- 
ference between die silver and copper, supposed to be 
ki eontaet, by 1 ; that between the copper and iron by 
£; that between the iron and pewter by S; that be* 
tween the pewter and lead by 1 ; and that between 
the lead and zinc by 5. If we suppose a small pile 
formed of these six metals thus arranged, and the pile 
be in communication with the common reservoir, the 
stiite of the silver being zero, that of the copper will 
be 1, the iron S, the pewter 6, the lead 7, and tlie 
sine 12. The diflerence between the two extremes^ 
silver and zinc, will accordingly be 12 minuM zero, or 
simply \% a sum equal to the amount of the differ- 
ences 1, 2, 3, 4, 5, between the different metals in the 
order ia which they stand. 

Hence it follows, that a pile, of whatever height, 
the elements of which should exhibit the preceding 
series of metals, would produce no greater effect, than 
if it were composed of the two extreme metals only, 
distributed in pairs. But the result, which has led 
Volta to this inference, is worthy of being verified by 
accurate experiments. 

510. We have supposed, that the bodies moistened 
by water which form a part in the constrnction of the 
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pile, performed the office only of conductors. It 1* 
probable howev/er that they have a degree of influ- 
ence on the production of the electric fluid, though it 
appears to be very small compared with what the 
metals exercise on one another. Attempts have been; 
made to diversify the construction of the pile, by vary- 
ing the substance^ of which it may be composed. 
Volta has discovered, that instead of the usual metals^ 
pyrite and charcoal might be used *. Gautherot b^ 
obtained perceptible eflects by substituting the lasU 
mentioned substance instead of copper, and has hUso 
constructed piles in which one of the agents h^s b^eii 
charcoal and the other schistus known by the name 
of carpenter's clialk f. Mr. Davy has combined with 
success the actioi^ of charcoal, of nitrous acid, and of 
water, and M. Psaff that of a metal, with water and a 
sulphur, &c. % 

From these and other observations of a similar na-? 
ture, there appears to exist between the humid, and 
the solid bodies a correlation that tends to vary, 
according to circumstances, the functions of those 
bodies; so that a humid substance, which, jxi one 
combination, performed the office of conductor, exer- 
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But Volta suspects, as wc shall see presently, that an 
instance of the second kind is realised in the animal 
kingdom (a). 

511. In the pile, as usually constructed, the metals 
undergo a ready oxydation, the inconvenience of 
which is not compensated by any perceptible influ- 

(a) When M. Libes, the author of Kouitau Dict'umnaire dt Phytique, had 
satisfied himself, that the contact of resinous with metainc substances deve* 
loped electricity, he constructed a pile whose elements were, at first, 20 discs 
of resinous taffeta and of zinc, applied alternately one upon another, with- 
out any faitermedimn, commencing with the resin. The dnc disc which 
was towards die middle of the pile had a much greater diameter than the 
othcTS. A glass cylinder was fixed at its centre, in such manner that it was 
easy to take oflT th^ nppcr half of the pile. The apparatus remained is that 
state for some minutes, after which he took the disc that occupied the middle 
hy its ^mn handle, and presented to the electrometer the upper extremity 
of tiie pile, which was nnc ; it yielded very perceptible signs of negatiTe 
e lc c ti i d t ^ : die other extremity of the pile which was resinous exhibite d po- 
sitire electricity. He did not experience any commotion, when, by means 
of his hands, he established a communication between the two extremities ; 
whence be oondiided that the pile had no electric fod. 

In M. libes's third attempt, the pile was composed of 40 discs of resinous 
taflfeta, 40 of silver, 40 of sine, 40 of paper which had imbibed a solution 
of muriat of aaunoniac, ranged in this ordei" : resinous taffeta, silver, nac, 
and moistened paper. This pile possessed no electric foci : the silver and 
tile zinc had the negative electricity ; the resinous taffeta, the positive elec- 
tricity : the oxydation was perceptible, but not very conriderable. 

Another kmd of pile not mentioned by Haiiy is the Secmdary Pile : this 
name is given by RUter to a pile which does not become electrified of itseU» 
but receives the electric virtue when it u made to communicate with an 
electric pile. Ritter has given different modifications to these piles ; havmg 
constructed several piles with a single metal, and others with various hetero- 
geneous metals. When treating of these, he exhibits different methods of 
rendering piles inactive : as, 

1. JElecfrtc piles rendered inmctive hy adossement, or placing back to back. 
Take two electric piles which only differ in the position of their poles ; the 
inferior disc of one faKring nnc, and its superior disc copper ; the other pile 
being the reverse of thisi Place these two piles one upon another, so that 
they shall touch at teir opposite poles, and thus constitute a pile whose 
number of discs is double that of each of its component piles : this large pile 
will become inactise* hecaes^ the-actioo of one half of it destroys that of the 
ether half. If thia {Mle be made to commumcate with an electric pile in ao- 
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exLce fsL}r6Mxi^ the ekctrifiaUwy as «idU Appm liere'^ 
flffter; and further^ the pieces ^ wet cloth lAterpo^d 
between the elements of the pile soon beoo«fte4iy, 
which derives the apparatus of Us efficacy. OS the 
attempts hitherto made to remedy thetse ioeonv^- 
niencesy none hav^ heen better calculated to ao^wer 
the purpose, than those of a young philosopher of the 
name of Alliseau, whose zealous research is entitled to 
commendation. He has constructed a pile in which. 

y 

tivity, it wUl become charged, exdte strong cpnuwoUoDs : .but its cheni- 
cal action is evanescent 

% 4n electric pik rendered inactwe hy the dispctitwi 4f its elements. 
Take a certain nnmber of coufdes of copper and zinc* and dispose tbem in 
the /oUoiwing manner : If the first couple situated upon the base Is ipoppcr 
and, zinc, the second must be «nc and copper ; the tlujEd, copper and sine ; 
the fourth, zinc and copper, and so throughout. The inversion made m. ^ 
two halves, of the preceding pile, is found in each couple of this ; and it U 
obvious that this inversion destroys the activity of the pile ; which wiU« not- 
withstanding, bfwme .charged when it is made to communicate vnti^ an ac- 
tive electric pile. The opounotioi^ which result from this 4isf|OBitioB ^ 
weaker than in the former ; and here also thece is no perceptible chemical 
action. Hence Bitter infers, that the chemical action and die dist|u-bing or 
electric action are separable, and that the one may exist indepen4entljr of 
the other. 
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fife dememts are sepanted by porcebune rings iUed 
wkh cryitals of marine lalt wetted with water. £x« 
periments having been made, to ascertain the difler^' 
ence between this and a common pile, it was founds 
that its effects, after a period of 55 days, were neariy 
the same as when it was first constnicted, while those 
ot the common pile lasted scarcely three days. The 
only precaution necessary was that of repairing from 
time to time the losses occasioned by evaporation* 
The pile having been taken to piecea after the 5S 
days, it appeared that the metallic discs were very 
little oxydated, which ofiers another advantage, beside 
that of permanence of efiect, that may be extremely 
useful in certain experiments 



Electric Fishes. 

512. ' The quality possessed by a fish of the ray 
species, of benumbing the members of those who 
touch it, has long been known ; and it is from this 
quality that the name of torpedo has been- given to i& 
But, while the first enquirers were at a los» to what to 
^ribe the effect expressed by this word, the Arabs 
stumbled, as it were, on an appellation more striking 
as ta its analogy and more appropriate : they oaU thin 
fish rdad or raasch^ which, in the language of these 
people, signifies lightning. 

513. The organ by means of which the torpedo 
exerts its benumbing faculty, consists of a number x>f 
aponeurotic tubes, chiefly hexagonal, though 'some qf 
them are pentagonal, arranged parallel to each other 

** £xtnoled from the Report nude to the MftUienntical and Phyncal 
Chm of the National laMitote by Chailer Batt^ dcpvted U> eaniiie thi 

p3e in quettion. 
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round the brohchias, and reaching from the skin abov^ 
to the skin below. All these tubes are accurately 
closed at each extremity by an aponeurotic mem^* 
brane, which extends over the whole surface of the 
organ on each side. Besides this, each tube is de-i 
cussated horizontally by aponeurotic laniinae placed 
one over another at short distances, so that the tube 
may be considered as a series of cells placed one upoi^ 
another. These cells are filled with a substance, 
which, according to the experiments of Geoffroy, is 
composed of albumen and gelatine * (ft). Finally, the 
whole of this apparatus is furnished with nerves re- 
markable for their bulk, which are inserted, between 

• Sec the minute description which this learned naturalist has given of 
the torpedo and other fishes endowed with the same quality, in the fifth 
number of Annales du Museum d*Histoire Nat. p. 393 et seq. 

(6) In the 63d vol. of the Philosophical Transactions, Mr. Hunter also de« 
scribes the electric organ of the torpedo as consisting of a number of columns 
varying in their length from an inch and a half to a quarter of an inch, 
with diameters abput a fifth of «ui inch. The number of columns in each 
organ of the torpedo which he presented to the Royal Society was about 
470 ; but in a very large torpedo which he disse^ed the number of columns 
in. one organ n^as 1183. These columns were composed of films parallel to 
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the tubes, and are ultimately distriboted in' the interior 
of Aeir cells. 

514. Reaumur has observed^ that when the torpedo 
was inchned to bring its organ into action, it first in- 
sensibly diminished the curve on its back till it became 
flat, and sometimes even concave, and then by a sud- 
den motion raised it again to its former convexity 
If the fish were at such periods touched with a finger, 
a sensation resembling numbness was felt. 

.515. By some philosophers this phenomenon is 
ascribed to the emission of an infinite number of cor- 
puscles continually proceeding from the animal, but 
of which the discharge is greater in some circum- 
stances than in others, and which, in penetrating the 
members, benumb them, either by insinuating them- 
selves in too great a number, or. from the routes they 
have to pass being ill adapted to their formation. 
Others suppose the action of the torpedo to consist in 
a particular trembling which it communicates to the 
nerves, and that hence results a disagreeable sensa- 
tion, that deadens the member in which it is pro- 
duced. 

516. Another opinion, no better founded than the 
preceding ones, but which it is of more importance to 
controvert, is that of Schilling, who imagined that he 
had discovered in the Surinam eel, which is known to 
possess the same quality as the torpedo, very sensible 
magnetic effects. According to this naturalist, the 
eel, being placed near a loadstone, was attracted by 
that body, and remained adhering to it : it was separ- 
ated with difficulty, and when separated was languid, 
and might be touched with impunity. He states fur- 
ther, that the loadstone which was used on this occa- 
lion, appeared to be covered with particles of iron. 



* J^Um, de TAcad. des Sciences : year 1714. 
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and that ^latn the fish was afterwards (placed ifi water 

in which were filings of this metal, it became Kvely 
and regained its wonted vigour *. 

These assertions have been completely refuted by 
many philosophers of eminence, and particularly by 
Ingenhousz and Spallanzani, who, having carefully re- 
))eated the experiments mentioned by SchiUing, could 
not perceive that the magnet produced the slightest 
effect on the eel f . Mr. Hahn, medical professor at 
Leyden, who has discussed in a very judicioas manner 
the opinion of Schilling, observes, that the rivers in 
America in which the Surinam eel is found carry 
along in their current a magnetic sand ; and he pre- 
sumes, that grains of this sand adhering to the glu- 
tinous skin of the fish, which was probably covered 
with it when Schilling made his experiments, might 
be a principal cause of the illusion by which that na- 
turalist was misled J. 

517. Dr. Bancroft appears to be the first who su- 
spected an analogy to exist between the phenomena 
of the torpedo and those produced by electricity. 
Mr. Walsh, desirous of ascertaining the truth of this 
conjecture, made a number of experiments, the end of 
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other extremity was plunged in a basin of water 
standing on another table, on which were four other 
similar basins. The other brass wire in its suspended 
state had one of its extremities in the last of the five 
basins of water. Five persons were ranged round the 
second table. The first plunged a finger of one hand 
into the basin in which was the wire coAimunicating 
with the wet napkin, and a finger of the other hand 
into the next basin. The second plunged a finger of 
one hand into this same basin, and a finger of the 
other hand into the basin next in order ; and so on 
through the series, till the five persons were in com- 
oianication with one anotBer. Mr. Walsh, having 
taken the second wire by the part not in the water, 
touched the back of the torpedo with the extremity 
of this same part, and the five persons instantly felt a 
coBimotion, which, from the account they gave, dif- 
fered in no respect from what is felt in the Lcyden 
experiment, except that the shock was weaker. Mr. 
Walsh, who was not included in the chain, but liad 
merely held the exciter, received no impression. This 
experiment was repeated several times even by a com* 
pany of eight persons, and every time with the same 
success. It was remarked, that every effort which the 
torpedo made to give the shock, was accompanied 
with a depression of its eyes, from which its attempts 
to produce the same effect even on unorganised bodies 
were discoverable. 

The same quality has been found in many other 
fishes, of which the most celebrated are the gymnotm 
ox electrical eel of Surimnij mentioned before (516), 
and the silurus electricus : from which it appears that 
the electrical property, which philosophers might have 
been tempted to consider as the index of a generic 
relation between animals partaking of it, is merely a 
specific ^aiity^ forming as it were distmguishing 
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characteristics in families in other respects very strik- 
ingly different from each other. It happens here 
nearly as in the mineral kingdom, where the property 
of acquiring electricity by heat is dispersed, so to 
speak, through bodies of different natures. 

In electric fishes different from the torpedo an ana^ 
logons organ is found, which is an assemblage of ceUs 
composed of aponeurotic laminae interwoven together, 
and likewise filled with albumen and gelatine. But 
the general form of this organ, as w^ell as its position, 
vary in different species. 

519. Walsh, in repealing the experiments of the 
torpedo on the gymnotus, in which the benumbing 
quality is much more energetic, obtained a result that 
completely confirmed him in the opinion, of electricity 
teing here the real agent. He applied to a piece of 
glass a sheet of pewter in which he had left a small 
separation or slit. This sheet had its two edges in 
eonmlunication with the body through which the dis- 
charge from the fish was made. At the moment of 
that discharge he observed the appearance of a spark 
which went beyond the little interval made in the 
^hctt. Tliat tills t'NperiiTient 111 nv snrcccfl, tljc fiAi 



Electric Fishes. 



4S 



through the water fishes of a different species^ on 
which, having stupefied them, they seize as their 
prey. 

521. We shall conclude tliis article with some par» 
ticulars relative to the theory, by means of which 
attempts have been made to connect the phenomena 
in question with those of common electricity. Though 
Mr. Walsh tried in vain to obtain attractions and re- 
pnkions between balls of elder pith, suspended to 
threads connected with the torpedo, he yet regarded 
this fish as a kind of animated electrical instrument, 
and he endeavoured to explain the difference of the 
relations it bore in other respects to the Leydcn phial. 
He observed, that the same quantity of electric fluid, 
which, impressed in this phial, was capable of pro* 
ducing effects well known to every philosopher, no 
longer acted in the same manner, if it were rarefied by 
being distributed over a number of large jars, of which 
the parts, coated with pewter sheeting, should give a 
total surface four hundred times greater than that of 
the furniture of the phial. For then there would no 
longer be perceptible attractions and repulsions ; but 
the same fluid, so dilated, would still be capable of 
giving a shock at the moment of discharging the ap« 
paratns. Now this distribution took place in the tor* 
pedo, in which the electric fluid was diffused and rare- 
fied over the sum of all the surfaces of the prisms 
forming the organ of that fish. This was all that 
theory at the time was capable of suggesting as the 
most plausible hypothesis ; and it is remarkable, that 
philosophers did not hesitate to ascribe those pheno- 
mena to electricity, which are in reality the mere re- 
sult of that same Galvanic action, which has since oc- 
casioned so many disputes among the learned of dif- 
ferent countries, respecting the true nature of the 
^uid producing it. 
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The philosophers who succeeded Wal»h contbmed 
to compare the commotions given by the torpedo to 
those occasioned by the Leyden phial. But since die 
discoveries of Volta, the pile ought to be the real in- 
strument of comparison. This celelnrated naturaBst 
presumes, that among the humid substances of whick 
the organ of the torpedo is composed, some are 
adapted to excite the electric virtue by their muleal 
contact, and others to transmit it : so that the super- 
structure of the different cells formed of those teik- 
stances answers to that of the metals and humid eon- 
ductors following each other in the pile *. The exact 
determination of these substances and their funettom 
is a very interesting subject of enquiry ; and the solu- 
tion of the problem, reserved for the comUned efibrts 
of physics and zoology, will exhibit a new proof of the 
aid which the sciences may derive from one another^ 
\>j proceeding in concert towards the same point. 
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522. Two learned Englishmen, Carlisle and Nicbol- 



Chemcal Fffecti tf Gahanic Electricity. 4S 



«f diete wires ere placed in water so as to leave an 
iDtemfl betweeti them. The oxygen appeiirs in the 
form «f imbbles at the extremity of the wire com- 
flMHUcmting with the zinc disc, which produces vitre- 
om electricity, and the hydrogen disengages itself, in 
At same form, at the extremity of the wire in con- 
tact with the copper disc which forms the base of the 
{Ale, and gives resinous electricity. If the metals are 
oxydabte, Tery few bubbles are seen at the extremity 
of die wire answering to the zinc disc, because the 
oxy^n fixes itself to tim wire, making it at the same 
tine pass to a state of oxydation (c). 

This new phenomenon soon attracted the at- 
tention of the learned, and particularly of chemists, 
whom it ftumiflhed with a problem requiring the most 
delicate management, to reconcile it with the theory 
vdad^e to the nature of water- The first point they 
widied to ascertain was, if the oxygen and hydrogen 
jiroceeded from the same molecule of water, or from 
two dbtijiet molecula;. It had been remarked, that 
wken the wires were phinged into two separate vesaelsy 
tbeie' was no disengagement of gas: but this might 

{e) Mr. CrmidbliaiilE ascertained that when tSie wire coming from the due 
mud of Cbe ^SHc h plunged into infusion of litmus, the infusion becomes red* 
and an add, which appears to be the nitric, Is formed ; that the wire from 
the sfiver end reddens the infusion of braxil wood, and of course an alkali 
10 formed. He ascertained also, that the silver-end wire revi?ea metab 
ftiom t!idr aahs, as Ind been previously known to iiappen whenever nascent 
hydrogen comes in contact with them. He thought, likewise, that he had 
, aseotained that' all liquids oontdning no oxygen are non-Qonducton of 
Galvantsn. ' 

' To arotd the trouble of re-plUng the pieces of sOver and ^nc, BIr. Craiek* 
shank constructed a kind of trough of baked wood in which he arranfed 
them, which in many cases furnishes a convenient portable substitute for 
the pile. Mr. Fepys*s Gahrslbic apparatus (piintiotted ia note (•), fisr. 
510.^ is an improvement upon this.— Ta. t 
O 
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arise from the communication, that was necessary tot 
the discharge of the pile to take place, being then in- 
terrupted. Mr. Davy (d) devised a very simple mode 
of proving, that in reality it was this intermptioB^ 
which prevented the gas from disengaging itsdf. He 
plunged two fingers of the same hand into the two 
vessels, and the gas immediately appeared. 

524. Several questions present themselves in thii 
stage of our subject. Is it conceivable, that it can be 
the same molecule of water that is decomposed, wbeft 
there is a very manifest interval between the two gasei 
that disengage themselves? And if the decomposition, 
takes place in regard to two different molectidae, what 
becomes, of the hydrogen in the part where oxygen* 
only is perceived, and in its turn of the oxygen where 
the hydrogen alone is apparent? 

The .most natural solution of this difiBculty that has 
yet been suggested, is that proposed by Monge and 
Bertbolet *. According to these philosophers, the 
vitreous fluid has the property of disengaging the 
oxygen in preference to the hydrogen ; and the rt- 
ainous fluid the contrary quality. ()n the other hand». 



Chemical Effects of Galvanic Electricitif. 47 

water, like every other compound substance, has tlie 
faculty of receiving different relative quantities of the 
dements that concur in its formation. Tlius the water 
of dew is oxygenated, aud it is from tliis circmnstance 
that it contributes to the bleaching of thread or linen 
exposed to the air. Distilled water, on the contrary, 
is hydrogenated, which accounts for the savour it loses 
on being violently shaken in contact with air. We 
may suppose then, that, in the experiment we have 
cited, the water of each vessel, or that which is con- 
fined in each branch of the same tube, retains in ex- 
cess that species of the two gases that does not ex- 
hibit itself. 

5Q5. The phenomenon of the decomposition of 
water by Galvanic electricity, furnishes a new object 
of .comparison between the effects of the ordinary 
machine and those of the pile. Van Marum has ob-» 
tained the same result, by passing a strong charge 
through an iron wire immcrged in water WoUas- 
ton has repeated the experiment with a very fine gold 
wire, so fastened in a glass capillary tube, that its ex* 
tremity, ' which was scarcely visible, should be on a 
level whh the surface of the tube f. This celebrated 
chemist, by tlius reducing to an extreme minuteness 
the quantity of metal subjected to the electric action, 
has succeeded in decomposing water, by a succession 
of little* sparks issuing from a conductor charged in 
the common way. He has attempted also to excite^ 
by similar experiments, the disengagement of the two 
component principles of water, by employing two 
wires immerged in this liquid at a distance. But he 
constantly observed, that each of Jthe wires furnished 

* Annales de CUiiiuc, No. Itt, p. 77. 

t Biblioth. BritsD. vol XVIII. p. S3, et feq. 
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at once hydrogen and oxygen, while the action of ttrtf 
pile had the effect of exhibiting them separately (e)* 
Hitherto, it must be confessed, experience has not 
spoken in terms sufficiently clear, to leave no desi«» 

(e)Pr. WoUoston'/i expeiiments and observations are published fn the 
PhiloMphical Transactions for 1801 : as they are not a little curioiu, it may 
not be amiss to give rather more minate information than M. Haiiy coM 
gather from the woric he quotes. 

This philesojyher jnally soapected with rqpid to the decenpoiQtSoii of 
water, that, by reducing the ^ndSace of coramonication, it might be effected 
by much less powerful means than had been commonly imagined : and this 
fusplcion he verified. *' Having,* he says, " procured a small wire of fine 
gold, and g^ven it as fine a point as I could, I inserted it into a caylBaiy 
glMs t«b9 ; and, after heatiag the tebe seas to makejf^^ere to the points 
and corer it in every part, I gradually ground it down, tiil, with a pocket- 
lens, I could discern that the point of the gold was exposed. The suooesi 
of this method exceeding my expectations, I coated several wiret in tliie 
same intnner, and ibund that when f parka ftom the ooadneten were aiadt 
to passttfaroii^ water by meaoa 9f a point so guarded/ a spark patsiag t9 
the distance of ^ne-eighth of an inch, would decompose water when tbf 
point exposed did not exceed -y^^T of an inch in diameter ; widi another 
point which I estimated at y /pfl of an inch, a succession of spaiki^ of 
an iadh in length, afforded »4aReiit of sraqli bubbles of air. I hanre wioi 
fi>uiid. that, the same appamlnft witt decompose water with a.^vira of a# 
inch diameter, coated in the manner before described, if the. spark from th» 
prime civmliii hi- [•dv:--c> ihv i]]st.\\no:- iff ofiiEi inch of :nr.'^ 
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derata, as to the theory of the phenomenon we are 
considering : new facts are wanted, that may serve as 
interpreters to the old. 

• Another chemical effect, which takes place 

spontaneously in every pile constructed in the ordin- 
ary way, is the oxydation of the metallic surfaces in 
contact "with humid conductors. Some naturalists 
have thought, that this effect had a considerable in- 
fluence in producing the electricity that developes it- 
self in the pile. Biot, desirous of throwing some light 
on this interesting question, entered on a series of ex- 
periments, which he conducted with that accuracy and 
discriminating attention, that can alone lead to deci- 
sive results. The condenser he made use of, had its 
collecting plate fastened lo a stem moveable from the 
bottom to the top, so that he could raise the plate to 
a level with the summit of the pile. On that summit 
he placed a small iron vessel filled with mercury. The 
extremity of the flexible stem of the condenser was 
also iron. This being raised to the height of the pile, 
the flexible stem was let down into the mercury by 
means of a varnished glass tube, and was then left to 
its own elasticity. In this manner the condenser con- 
tinually received charges that were comparable. Its 
contact with the mercury, which transmitted to it the 
electricity of the pile, was always the same, and might 
hav« been continued or interrupted at pleasure. The 
quantities of fluid with which it charged itself were 
measured by an electrical scale constructed on Cou- 
lomb's plan (39S). 

A pile consisting only of twenty couples of metallic 
discs was employed; the humid conductors being 
r6und bits of cloth impregnated with a solution of 
sulphate of alumine. The pile being insulated on a 
cake of resin, the condenser, placed simply in com- 
munication with its summit, acquired no degree of 
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electricity that was appreciable, on account of the 
little height that was given to the pile ; but this cir- 
cumstance was favourable to the success of the ex- 
periment, as it afforded an opportunity of better ascer« 
taining the increase of electricity that would have 
arisen in the pile from the prolonged influence of the 
oxydation ; and it followed at the same time, that the 
pile was well insulated. In another sense, the pile 
was in full energy, for if the condenser were applied 
to its summit for half a second only, and the base 
were touched at the same instant, a charge was ob- 
tained, that, measured by the scale, produced a repul- 
sion of 90 degrees. 

A communication was afterwards established be,- 
tween the top and bottom of the pile, by means of a 
wire, which, in contact at one of its extremities with 
the base, had the other extremity immerged in the 
vessel of mercury on the summit of the pile. The 
condenser, we are assured, did not then charge itself, 
whether the base of the pile were touched or not 
while the condenser was applied to its summit : which 
shews that the communication was well established. 

It IS l^nown in this (::t:n\ that the electrical cnri PTit 
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ducting wire having been detached from the summit 
of the pile, by means of a varnished glass tube, and 
the condeaaer dien applied to the same summit, there 
was BO apparent electricity ; yet the pile had still all 
its energy, for it was only necessary to touch its base 
during the apfdication of the condenser, for the in- 
strument to charge itself, as before, with a quantity 
of fluid of which the repulsive force was 90 degrees. 

527. Let us attend to the inferences which Biot de- 
rives from these results. Suppose the oxydation had 
developed only a sufficient quantity of electricity to 
produce a repulsion of two degrees; that quantity 
could not have escaped observation. Now, from the 
calculations of our author, electrical intensities, mea- 
sured by Coulomb's balance, are nearly proportional 
to the cubes of the angles of repukion % Accord- 
i^S^79 quanti^ of electricity produced by oxyda- 
tion during the space of two minutes, being neces- 
sarily less than two degrees, its relation with the total 
tSkct, observed before, was less than that of 1 to 
9000(K; and as half a second only was requisite, in 
the first case, to charge the condenser, the share 

* Let F be the Ttpnkive force tt a distance represented by unit. Let a 
W the are of the drde described in consequence of a given repulsion. If 
this arc be so small as to be capable of being confounded with its chord, th« 

ivptUahe ftsoe atthe'difllanoea willbe-^. Let T be the force of torsion 
at the distance 1; aoditwinbeT«at^ distance a ; and since there is 
an equilibrium between the two powers, we shall hare f . a3. In another 
experiment, if the distance be designated by fl^> and the corresponding ro- 
INdsire force in the same scale be represented by F', we shall hare PsT. a*s. 
Therefore F : F : : aS • o'S. By means of this result, we have the advan- 
ti^ of being able to compare with each other the repulsive forces that 
take place in a series of experimental without behig obliged to estimate the 
forces of torsion. The author has' extended this result to dectrical attrac- 
tSoBs, and has also determined the relalion between two forces which come 
into eqmlibritim, in the case where the arc a is too large to be confounded, 
-pidwQt mnikft taoh with its chord, which measvas the real distance. 
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which the oxydation had in this in&lantaneons effect 
must have been below -r^-^rimiTJis ? ^ quantity too dimi-i 
nutive to be appreciated. Thus, though in strictnes 
the oxydation ought to develope electricity in th6 
Voltaic pilCj the elfect of that cause is no way coc 
parable with that which is produced by the contact^ 
of metals inc<?ssantly deriving aliment from coor^t 
with the earth. ^||||| 

5*i8* Those philosophers who have ascribed so 
Upwcrful an influence? to so feeble a cause^ have not 
sufficiently attended to the possibility of diminishing 
that influence, without altering the quantity of eko^d 
trie Huid developed by the apparatus. Biot has con^^^ 
fitructcd piles in which, instead of humid substances, 
discs of nitrate of potash, carefully preserved from all 
humidity, were substituted. These piles give as much 
elcctricit}^ as thoae in which the conductors are im* 
pregnaied with very powerful saline solutions, for 
ample^ those which contain sulphate of alumine. The 
only difference is, that instead of half a t^econd, the 
condenser reqtnres half a minute to charge itself, 
when in communicatian with the summit of a pile 
composed of 20 discs. By varying the duration of 
contact, the author has found, that the process of the 
operation is governed by a law represented by a log/tM 
arithmic curve, 

527* If we now look back to the different results we 
have stated^ we shall find in all of them a striking 
analogy between the agent producing them and the 
electric fluid. Let Us revert first to the phenouiena 
best calculated to exhibit this analogy. A Ley den 
phial, placed in contact with the pile, charges itself, 
and }s capable of giving a shock, precisely as if it had 
been applied to the conductor of a common machine. 
The pile occasions attractions and repulsions similar 
to those of electrised bodies. The fluid whicli it fur- ' 
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nishtt, accumalated in a condenser, einiu i^Iqi on 
the application of an exciter. Thus far the resem- 
hlaoce of effects indicates a similarity of causes. .The 
sensation indeed which is felt on touching the pile at 
its two extremities, is not the same as that which is 
produced by the Ley den phial ; but the reason is, that 
the first is modified by the progressive and continued 
action of the fluid, which, instead of striking the organt 
with a full charge at once, us in the Leyden experi* 
ment, attacks them by a rapid succession of tittle im* 
pulsions : and as a proof, that it is this fluid which 
animates the pile, transfer it into the phial, and the 
mere change of vehicle gives it all its qualities. 

We have seen, that it was, in like manner, by no 
means difficult to explain other singularities of the 
pile, particularly the readiness with wliich a wire 
placed in contact with it enters into a state of com- 
bustion ; while, judging from the extreme feebleness 
of its action on the electrometer, so powerful an effect 
was not to be expected from it. 

The reciprocal influence which other solid bodies 
exercise on one another, even the nerves and muscles 
of an animal, is in reality of the same kind as that 
which takes place between metals ; and it was useless 
to resort to a particular fluid by which to explain 
effects, that resemble in so many other respects those 
produced by metallic substances. 

The parallel between the two electricities extends 
still further, even to the phenomenon of the decom- 
position of water; and if the circumstances accom* 
panying it vary, accordingly as the pile or a common 
electrical machine is employed, the reason of this dif- 
ference is manifest in the difference between the two 
apparatuses. Further researches may dissipate the 
doud in which this branch of science is still enve- 
loped ; yet it will not be, by establishing an essential 
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distinction between Galvanism and electricity, but by 
reconciling electricity with itself. 

In fine, we may ask, whether the differences in the 
two cased, which have led to the supposition of dif- 
ferent agents being concerned in producing the phe- 
nomena, are greater than those observable in the 
effects of common electricity alone ? There, one body 
transmits the electric fluid rapidly to contiguous 
bodies, while another obstinately retains it in its 
pores. In some, it is communication, by means of 
contact, that excites the electric fluid ; in others, 
friction ; and in others again, heat. The slight sen- 
sation that is felt on drawing a spark from the con- 
ductor with a finger, and the shock which the Leydien 
phial gives, furnish also a more striking contrast, 
than what is occasioned by the discharge of the pile. 
The electric fluid indeed seems every-where to multi- 
ply itself by the diversity of its phenomena ; and so 
accustomed have we been to its metamorphoses, that 
the new form it assumes in the nascent science of 
Galvanism might be deemed an additional reason for 
ackno\\ledging it (f). 
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'md tfned aetal, we totich t jar dfacharged previottdy bjr dryhmi4 
ipe leel the nme leiisation as from the pile. 

Bitter reduces all the effect of the pile on the body to expanskm and 
ceotractkm ; the positiTe eondncfor expanding, the negative contracting, the 
port. The pobe b made stronger by the potiti^ conductor ; weaker bj tl|i 
negatiTe. Hie expansion is followed by a sense of heat, and rtce verso. 

The action of the pile on the organs of sen«e depends on the nature of the 
organ ; bvt the two poles produce the extremes of the sensation. The tym 
m the positire state sees objecu red, Urge, and distinct ; in the negadre, 
bbe, small, and more obscure. On the tongue the positive pole pcoduoes 
an add taste ; the negatire, an allialine. In the nose, the negative produces 
an alkaline smell ; the positive, that of oxygenated muriatic add. The ears, 
tooched by die positive conductor, bear a grave sound ; and by the negatire, 
a sound more acute. 

Mi, Cmcs a surgeon at Wurtxburg, had an oppor tun ity of observing tlie 
^vanic britation on the leg of a boy, which had been amputated far above 
die knee in the hospital of that dty. Immediatdy after the amputation, 
Mr. Creve laid bare tiie crural nerve (kniehehherten ), and surrounded it 
with a dip of tinlbtL He touched at once tlie tinfoil and th^ nerve with a 
French crown-pieoe. In that instant the most violent convulstous took place 
In the leg both aliove and below the knee. The remainder of the thigh-bone 
bent with force towards the calf j the foot was more bent than extended. All 
'tliese motions were made with much force and rapidity. None were pro- 
duced when the tinfoil was taken away, or when a steel pincer was uied in- 
stead of a piece of diver, or when the tin or diver was covered with blood : 
but they were renewed when these obstades were removed. These pheno- 
mena continued till 38 minutes after the amputation, when the limb became 
cold. 

According to BL Lihes, among the muscular organs of man and red- 
blooded animals, the heart retains the Galvanic exdtability for the longest 
time. From the experiments of Ayrtm, the heart of a decapitated man was 
still sensible of the Galvanic action four hours and a half after his death, and 
that of a frog five hours after its death : whence that naturalist conduded 
diat the heart, ttie organ which first gives signs of life, is also that which 
yields it last. Tins inference, however, is not acceded to by later enquirers. 

M. Aldini, professor at the Institute of Bologna (mentioned in par. 466), 
has directed many of his interesting experiments to human subjects ; ati'd 
these he repeated at Paris, London, Oxford, &c. In the beginning of ItOf , 
the professor had the courage to apply Galvanic electricity at Bologna to 
the bodies of various criminals who had suffered death at that place, and by 
means of the pile he exdted the remaining vital forces in a most astdoidiing 
inaimer. This stimulus produced die most horrible contortions and grimaces 
by die motions of the muscles of the head and fiice ; and an hour and a 
quarter after death, the arm of one of the decollated bodies was elevated 
eight Inches from the table on which it was supported, and this even when 
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» coniiderable weij^t was placed in the band. Thfic experiments turn 
pnce been confirmed in various parts of Italy* particularly at Turin, by Pro- 
faasors Giulio* Vassal!, and Rossi. 

In January 1803, Professor Aldini repeated bis experiments at the Ana- 
tomical Theatre, St Thomas's Hospital. The foUowmg account of some of 
bis experiments on a human subject is copied from the newspapers : 

« The body of Forster, who was executed on Monday the 17th of Janu- 
lury, 1803, for murder, was conveyed to a hou^e not far distant, where it was 
subjected to the Galvanic process by Professor Aldini, under the inspection 
of Mr. Keate, Mr. Carpue, and several other profesnonal gentlemen. M. 
Aldini shewed the eminent and superior powers of Galvanism to be far be- 
yond any other stimulant in nature. On the first application of the process 
to the face, the jaw of the deceased criminal began to quiver, the adjoining 
inusdes were horribly contorted, and one eye was actually opened. In thf 
tnbaequent part of the process, the right hand was raided and clenched, and 
the legs and thighs were set in motipn. It appeared to the i^pinformed pai^t 
of the by-standers as if the wretched man was on the eve of being restored 
to life. This, however, was impossible, as several of his friends, who were 
under the scaffold, had violently puUcd his legs, in ord^r to put a more 
apeedy ^erminatiqn to his sufferings. Tlie experiment, in fact, was of a 
better use and tendency. Its object was to shew the excitability of the 
linman frame, when this animal electricity is duly applied. In cases of 
drowning or suffocation, it promises to be of the utmost yse, by reviving the 
|M:tion of the lungs, and t^hcreby rekindling the expiring spark of vitality. In 
f»ses of apoplexy, or disorders of the head, it offers also most e](icouraging 
prospects for the benefit of mankind. The professor, we understand, has 
made use ol Galvanism also in several cases of insanity, and with complete 
success. It Is the opinion of the first medical men, that this discovery, if 
rightly managed and duly prosecuted, cannot fi^ to be of great, and per* 
hiiphf ji-^vi-'. LJi'Ll'ijie^'' -iL miliis-." 
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5. Motion or raising op of the arm was produced (as if by volition) bj 
the Galvanic stimulus. 

6. A milky or coagiflated matter was formed by repeated contractioot of 
the muscle in contact with the copper wire, or wire of copper plated wilk 
silver : and the same appearance was seen when a pbtc of tinfoil was \m» 
terposed, for tlien this white matter was formed on this tinfoil. 

7. When the parts ceased to give out motion, or less motion, the modow 
were renewed with aogi^nted iorce by wetting them with solution of «|- 
ammoniac 

8. It is scaxody necessary to remark, that the Galvai^ sdaahis eifilil 

contractioiis in parts which gave Qut no action to sulphuric acidi ToMIt 
alkali, and other stimuli 

Cf^ftaetietiuKttfGti^amim, The oses in conmon Hfe of new fiHH 
are not ahnyt IwiwHatdy apprehended ; to that, akho«gh notUag f«iy 
<xmchuiTecaabe«ld,thepresent£Kttinay be hereafter of great utility, 
the meanwhile we observe : 

1. That Galvanism nay be a most powerful aid in restoring the vital w> 
tions fluspeaded by tobmenion, by suspension, &c. ahhotigh it does not wiL 
epon the hngs end heart ; but if, at the same time ttiat it excites die 
mu5ic]es in ^leneral, warm oiygen gas be applied to the lungs, and frictioQi 
and the hot-bath be employed, much more inay be ejected than witiiQiit 
Galvanism. 

f . In many diMeses consisting in cessation of action, the parts may be 
excited to action by this new sdmolus, if ii he duUf applied. For this pw^ 
pose a machine is required which will of itself, without manual assistaneet 
apply efTectuaHy the Galvanic fluid for any length of time. Such an instni- 
loent has been constructed by Mr. Cuthbertson. 

3. In comperfaig electricity to Galvanism, it most be considered, that llit 
former acts by its tnlmsily, and the latter by its fnaacity : that the ktmer^ 
fo intense, and sufficient if properly directed to knock a man down, shall 
yet not be in fiumtity enough to melt an iron wire or one of platina ; bat 
the latter shall meh these metab, yet scarcely produce a shocks See Ph9. 
Mag. No. 56. Odier interesting partieolars rektive to th» branch of sdenot 
may be fiMind indifoent numbers of this Magazine, and of the Philosopl^s 
€^ Journal } also ia WUkinson's History of Galv^nism.-r'Ta. 
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VI. MAGNETISM. 

530. Th* loadstone was long regarded as a simple 
stone possessing the property of attracting iron, as 
the name given, in the common language of every 
country, to the ferruginous mine endowed with this 
quality, will shew; such as pierre d'aimanty for ex- 
ample, in French, and the loadstone in English. Men 
judged of its substance by the stony particles that are 
often mixed with it, but which are purely accidental. 

531. The attractive virtue of the loadstone was known 
to the ancients, and they had even remarked, that it 
communicated to one piece of iron the power of at- 
tracting another piece., But though, from the sym- 
pathy it seemed to evince for iron, the loadstone be- 
came one of those sports in which curiosity delights, 
and which it repaid in various ways, the best and 
most important property of this mineral, which occa- 
sions one of its extremities to have a northern and 
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the respective effluvia of two magnets met. There 
were supposed to be in the iron a kind of small hain 
that performed the oihce of valves, to aid the passage 
of the fluid in one way, and to oppose its passage 
when it presented itself in a contrary direction. Such 
wasy among others, the opinion of Dufiiy ; and this 
philosopher, who had seen so clearly the principle of 
electric motion, when he came to apply it to magnet- 
ism, presented a machine of his own invention, in- 
stead of the mechanism of nature. 

533. ^pinus was the first, who, to explain the phe- 
nomena of magnetism, made use of simple powers sub- 
jected to calculation. The idea which served as the 
basis of his theory was suggested to him while hold- 
ing a tourmalin in his hand. He had discovered, that 
the effects of this stone were the result of electricity, 
and had remarked, that it repelled on one side, and 
attracted on the other, a small electrised body. To 
these two sides he gave the name of poles^ and this 
appellation, which might have passed for a convenient 
mode of expression only, became the word really ex- 
pressive of the thing. He saw in the tourmalin a 
kind of small electric magnet, and comparing the phe- 
nomena of real magnets with those of idio-eicctric 
bodies, he found, that the action of the two fluids 
might be reduced to the same laws ; and thus added 
to the merit of having improved the theory of elec- 
tricity, and created, as it were, the theory of magnet- 
ism, that of combining in the same link th^se two 
grand portions of the chain of human science. 
' Coulomb, receiving from the hands of ^pinus the 
first of these theories to give it a new modification, 
thereby contracted a sort of engagement to improve 
the second also ; and it will presently be seen, from 
the sketch we shall give of his results^ with what fide^ 
}ity be has ac<}uitted himself^ 
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General Principles of the Theory of Magnetism, 

534. Though the magnetic fluid is governed by the 
ifame laws as the electric fluid, there are several 
things, iix the present state of our knowledge, that 
indicate a difference between tbem« Iron an.d one 
or tyfo other metallic substances, are the only bodies 
that have hitherto exhibited unequivocal signs of 
magnetism, whereas all bodies are susceptible of the 
electric virtue. If an electrised tourmalin be pre- 
sented to a magnetised needle freely suspended, what- 
ever may be the direction of tlie two bodies as to the 
poles, the tourmalin exercises on the needle, to alter 
its position, the same attractive force only that it 
would exercise on any other body; which implies, 
that its presence gives rise in the needle itself to an 
electric virtue independent of the magnetic virtue. 

535. The correspondence between the two theories 
leads us further to consider the magnetic fluid as 
composed of two distinct fluids, combined together in 
iron that exhibits no sign of magnetism, and existing 
apart in that which has undergone a state of magnet- 



General Prinetpfoi of Magnetism. 61 



Baty before we proceed further, let us take a geneiil 
Tiew of magnetisni as it presents itself in all its ex*- 
tent; for to understand well die developement of the 
theory, it is necessary to have at least an idea of it aa 
a whole. 

537- All the phenomena that magnets which have 
been suli^ted to experiment have furnished^ are obly 
so many different aspects, as it were, of a fundamental 
fact, that has long been remarked. It consists in thi% 
that if we lake at pleasure one of the extremities of a 
magnet, and -apply it to the two extremities of another 
mngnetf there will be attraction on one part and re* 
pulsion on the otlier between the two magnets. The 
opposed extremity of the first magnet will produce on 
those of the other magnet inverse effects. In general 
there is in every magnet two opposite points, that tx^ 
hibit contrary actions, and to which the name of pola 
has been given. We may judge of the energy of 
these contrary influences, by making a magnet act in 
presence of a magnetised needle freely suspended; the 
extremities of this needle will make different circuits^ 
and sometimes a complete revolution, to find the poii« 
tion required by the equilibrium. 

538. Now we have a phenomenon, extremely re- 
markable by its continuity and the immense distances 
to which it extends itself, in the terrestrial globe, 
which performs, relatively to a magnetised needle, the 
same function as the magnet in the instance we have 
just mentioned : so that the needle, left to the influ- 
ence of this vast magnetic body, takes a direction 
from north to south, and which we see to be diat 
which accords with the manner of acting of this same 
governing influence. For if, when the needle is at 
rest, we alter its position, it never fails, after a few 
oscillations, to return to it again. What would have 
been the sentiments of the ancient phikysophers^ who 



i 



62 



Magnttim. 



alreaxly ascribed a soul to magnets, though they knew 
nothing of their powers of action but in circumstances 
of contact, had the idea occurred to them of suspend- 
ing one of these bodies to a thread ? x 

539. What we have remarked in the preceding 
paragraph, leads to an observation that we conceive 
to be interesting, relative to the numner of denomin- 
ating the two fluids which compose the magnetic fluid, 

well as the poles in which their powers of action 
reside. The mere mention of the hypothesis relativa 
to the existence of these fluids is suflicient to enable 
us to understand that the magnetic repidsio^s, similar 
in this respect to electric repulsions, are ascribable to 
those which exist between homogeneous fluids, and 
the attractions to those which heterogeneous fluids 
exert on one another. It follows from this, that when 
a magnetised needle is in its natural direction, the 
pole of that needle, which is turned to the north, is in 
the opposite state to that of the pole of our globe, 
which is in the same quarter ; and as this last-men- 
tioned pole ought to be the true north pole relative to. 
magnetism, as it is with respect to the four cardinal 
points, it would seem more appropriate to give the 
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which is opnstant ; so that it can derive no additional 
portion from any extraneous body, nor communicate 
the smallest portion of what it possesses by nature ; 
and the change to a shite of magnetism depends solely 
on the disengagement of the two fluids which consti- 
tute the natural fluid, and their passage to opposite 
parts of the iron. 

541. The harder this m^talis, the greater is the dif* 
ficulty which the two fluids experience in moving in 
its pores; and, generally speaking, this difiiculty is 
always considerable^ and much superior to the resist- 
ance which bodies even the most perfectly idio-elec- 
trie oppose to the internal motion of fluids disengaged 
from their natural fluid. Coulomb has given to this 
power the name of coercive force^ as he has to that 
which acts in idio-electric bodies. 

54A. The property which magnetic needles possess, 
of turning one of tlieir extremities to the north and 
the other to the south, depends on the circumstance, 
as we have stated (538), of the terrestrial globe per- 
forming with regard to those needles the function of 
a real magnet. In the developement of the effects 
which magnetic bodies subjected to experiment ex- 
hibit, attention to this action of the globe on mag- 
netic i]^edles is often extremely necessary. But as 
the science is yet too little advanced, relatively to this 
point, for us, by the aid of theory, to ascertain direct- 
ly and with the proper precision the influence of that 
action, the defect has been supplied by the results of 
observation, which have been assumed as principles, 
from want of those which a more profound knowledge 
of the cause of natural m^netism would furnish. 
Among these results there are two which are particu- 
larly remarkable, and which we proceed to state. 

543. When a magnetic needle is suspended freely 
to a thread, its austral pole is drawn towards the north. 



61 Magnettsnti 

while its boreal pole is attracted in d totittHry Aii^^d^ 
Hon, to the south ; and it is evident, that in the case 
where the two forces which acted on thiii needle might 
Yary in their intenseness, their resulting force acting 
dway» in a single right line, the needle constantly re-^^^ 
stained in that same line. But obsertation further 
proves, that the two actions which attract the needle 
in two contrary directions are apparently equal, in 
whatever point of the globe the needle may be. This 
is the necessary consequence of an cstperiment by 
Bouguer, who, having suspended by the middle, to a 
thread, a needle not magnetised, in whidi case the 
thread was vertical, and having afterwards taiagnetised 
the needle, observed that the thread remained in the 
same perpendicular position. Coulomb has obtained 
the same inference from the weight of a magnetised 
needle c6ntinuing precisely as it was previously to the 
magnetic virtue having been communicated to it. 
We see in effect, that if one of the two actions were 
superior to the other, its excess might be considered 
as a distinct force, the direction of which forming an 
angle with that of gravitation would give a compound 
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single force perpeaiicuiar to the aeecile, and applied 
to Sl point between tbe middle of the needle and the 
extremity answering to the nearent pole. ThU force 
is called the directing force oj the needle^ and observa- 
tion shews that it is proportional to the sine of tiie 
angle which the needle, moved out of its natural di* 
rection, makes with that direction itself. 

Coulomb has obtained this result by means o( an 
experiment similar to the one he employed to ascer- 
tain the electric force placed in equilibrium with ilie 
force of torsion of a very thin metallic wire (S(^). 
We may recoUect here, that the force of torsion, 
odier circumstances being equal, is proportional to 
the angle of torsion, or to the number of degrees 
which any point, taken ou the surface of the w ire, 
passes over while the torsion is going on. This prin* 
cipie being laid down, and the needle suspended freely 
to a wire exempt from au torsion, Coulomb impresses 
upon this wire a torsion of a certain .luinher of de- 
grees; and the nee l e then departs t'rcxn itb magtieiic 
meridian, till the directing fi>r' e which terui* tu re- 
store it to that meridian is m equilibrium with tne 
force of torsion. The observer meaiiuren tiie a:'g*e 
which the needle then makes with its first direct ion, 
and gives to the wire a further torsion of a certain num- 
ber of degrees. In this case the needle departs still 
more from its magnetic meridian, and at the same time 
the directing tbrce that tends to restore it to that posi- 
tion, becomes augmented, because the forces of which 
it is the result act in less obhque directions along the 
needle. The torsion being at an end, the needle 
tssumes anew the position under which the directing 
force is still in equiKbrium with the farce of torsion, 
^hich is measured by the first torsion, pim the aug- 
n^eutation it has received. Now it is ascertained that 
number of decrees which the two torsions measure, 
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are proportional to the angles which the needle raatei 
with its original direction, in the two positions which 
furnished the equilibrium. 

545. This result leads to another, which is merely 
a corollary from it- Whatever may be the direction 
of the real forces that act on the difterent points of 
the needle to restore it to its magnetic meridian when 
it has been made to depart from it, we may always 
ascribe to those forces a resultant parallel to the mag- 
netic meridian ; and it is easy to conceive, that this 
resultant must pass by a point in that half of the 
needle which an^vers to the north pole of the globe, 
if the experiment be made in a northern country, or, 
in a contrary case, to the south pole. Now, assuming 
as a fact that the directing forces are in proportion to 
the sines of the angles of deviation, it appears that the 
resulting force we have mentioned is a constant quan- 
tity, passing ahvays by one and the same point of the 
needle. 

The accuracy of this inference may easily be shewn. 
Let us suppose that, n c k (fig. 58, pL IX.) being the 
direction of the needle in its magnetic meridian, this 
needle be made to assume the direction / cf; the 
directing force may be considered as a power applied 
to the extremity^ of the lever c f. Let it be repre- 
sented by the line / z perpendicular to c f\ If, from 
the point/, we draw fd parallel to n the resultant 
of all the forces acting on the needle, estimated paral- 
lel to the magnetic meridian, will coincide with f d. 
From the point z draw the line z d parallel to fc^ till 
it meets / rf, and from the point / the sine fg of the 
angle/ c k; the triangle d z f being similar to the 
triangle eg/, wc shall have f g'^f z izcfidft or 

'P=^. But the first ratio is constant, because the 

directing force is proportional to the sine of the angle 
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f c k. Therefore the secmd m constant alio ; and 
since c/ is the nufim, the letokhis force «/ will in 
like manner be a constant quantity, that wUl always 
pass through the point f of the needle. 

But it was not sufficient to have established, by 
means of the results we have stated, a theory of mag- 
netic phenomena : it was necessary to determine the 
law by which the forces thAt act in tliese phenomena 
are governed at different distances. Many philoso- 
phers, who devoted their attention to this subject, had 
recourse to means so very imperfect, that we must not 
be surprised to see their results accord so little with 
one another, and be to remote from the true prin- 
ciple-*. 

546. The precision of the methods employed by 
Coulomb, to ascertain this law, leaves no doubt that 
it follofWi the inverse ratio of the square of the di- 
ttance, Kkc that which governs electrical actions (S92). 
But here, the manner in which the fluid is distributed 
in the bodies that were subjected to experiment, re- 
quired distiact^connderation ; from the circumstance 
of these bodies having two centres of action that are 
in two opposite states, while tbe electrical bodies that 
were employed in researches direc ted to a similar end, 
were solicited only by a single electricity, which 
enabled the observer to consider all the forces as 
united in a single centre of action (33). For the pre* 
tent we shall content ourselves with remarking, that 
In the magnet the two centres of action are at a very 
trifling distance from the extremities. 

Coulomb has obtained the end he had in view by 
two different methods. The first consisted in placing 
in a stat^ of oscillation a small needle, 87 millimetres, 
sr an inch, in length, directly opposite to the inferior 

* Sec die Phyiico-Mcchanical Expfrlne&tl of Haukabee. 
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centre of action of a magnetic steel wire, about 6*8 
decimetres, or 0,5 inches, in length, situated yerti- 
cally in the plane of the magnetic meridian. 

Leaving for an instant the superior centre of action 
out of the, question, we must conceive that the needle^ 
while it makes its oscillations, is at the same time so- 
licited by two forces, of which one resides in the in- 
ferior centre of action of the steel wire, and the other 
is the directing force . of the needle. The effect of 
this last force also, when it acts alone on a needle in 
a deranged state as to. its magnetic meridian^ is to 
give to the needle an oscillatory motion. Now Cou- 
lomb had ascertained, prior to the experiment, that 
the needle, left to its own directing force, made 15 
dscillations in 60 seconds. But it is with the needle 
here, as with the pendulum oscillating by virtue of its 
weight : and it is proved that the action of this force, 
to make the pendulum oscillate, is proportional to the 
'^quar^ of the number of oscillations made in a given 
time, assumed for the unit of time. . Accordingly, in 
the present hypothesis, which supposes the needle to 
be solicited at once by its own directing force and by 
tli;U of ihr steel wire, the value of the last U ohtauwd 
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those at which the two actions exerted themselves ; 
and it was relatively to this point, that the question 
of estimating the force of the wire in presence of ^ 
which the needle oscillates, was undertaken. 

An example will serve to throw light on all that has 
been said. The needle, being so placed that its centre 
of action was at the distance of 108 millimetres, or 
4 inches, from the steel wire, made 41 oscillations in 
a minute : placed afterwards at double that distance, 
it made but 24 oscillations in a minute. The total 
forces then, which solicited the needle in its two posi- 
tions, were respectively as the square of 41 is to that 
of 24, or as l6Sl to 576. If from each of these num* 
bers we take the square of 15, or 223, we shall have 
for the ratio between the forces of the steel wire, that 
of 1456 to 351, which differs but little from the pro- 
portion of 4 to 1 *. And as the corresponding di- 
stances are to each other as 1 is to 2, we may infer^ 
that the forces are in the inverse ratio of the square 
of the distances. 

The number of oscillations that took place in 60 
seconds, did not however jdways give exactly the 
quantity of action exerted by the steel wire. That 
exactness only obtained, as to sense, so long as the 
needle was at distances from the steel wire small 
enough to permit the neglecting the force of the su- 
perior pole of that wire, which was then directed ac- 
cording to a line deviating but little from the vertical, 
and which, besides, acted much' fsirtber off than the 

* The dificTCQce, 13, between 351 and the fourth part of 1456, which ii 
364, ia but alight]^ perceptible, irotn iu falliug on tlie sqsarei of the Dum- 
bers ^ng the oscillations made by the needle ; so that the difference cor- 
responding to it, relatively to those last numbers, is but a fiaetion of unit 
For example, it we suppose the needle in its second pooUon to have made 
54 oscillations plus i, we shall have, iiutead of 351, the numbct 3^ glus 
• firsctioD, • resolt approaching veiy closely to 564. 
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inferior pole. Bat when the needle was placed at a 
greater distance from the steel wire^ then the part of 
^e decomposition or resolution of that force which 
was in the horizontal direction* as well as that accord- 
ing to which the inferior pok acted> would becraie 
more appreciable with respect to the force of that 
same pole, and hence it was only by making the little 
requisite correctioni that one could be able to repre- 
sent the law sought, with the suitable precision. 

547. The other method was analogous to that which 
Coulomb had employed in electricity. He converted 
the electrical balance into a magnetic balance, sup-» 
plying, by means of a long magnetic needle, the lever 
suspended to the wire, and substituting for the copper 
ball a iimilar needle placed vertically on the magnetic 
meridian. Such was the respective disposition of the 
two needles, that when that which was moveable was 
on the point of touching the other, by preserving its 
nearly horizoatal position, the contact took place at 
one of the centres of action of the first, and the infe^ 
rior centre of the second. 

The natural tendency of the needle to return to its 
magnetic meridian, was here also a particular action 
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from each impressed tortioa the nmnber of degrees 
which the distance of the needle from the meridian 
gave — that is to say, the <inantiqr by which the torsion 
df the wire was comiteracted, by virtue of the move- 
ment of the needle-^e found that the force of the 
needle, to react against each tonion, amounted to as 
many times 55 degrees, as there were degrees in the 
arch measuring the distance of the needle from the 
meridian. 

Having stated this, to render the method of Cou- 
kmib more clear, we shall give here a further explana- 
tion of one of his experiments. Let S (fig. 59) be 
the positi<m of the inferior pole of the fixed needle, 
which we suppose to be the south pole. This needle 
being situated vertically in the plane of its magnetic 
meridian> Coulomb places in contact with that pole, 
the pole of the same name, S, of the moveable needle 
^ $ n, and in such manner that the wire has no torsion. 
The fixed needle instantly repels the moveable needle 
to a distance of £4 degrees, so that the last ne«dle 
takes the position / tif. 

Now the tendency to return to the meridian acts in 
a contrary way to the motion which th^ moveable 
needle has just made, and of consequence so far dimi- 
nishes the true repulsion, or that which would have 
taken place if no such tendency had existed : that is' 
to say, this tendency supplies the force of torsion, 
which it would be necessary to add to that of 24 de- 
grees, to keep the needle at the same distance by vir- 
tue of the repulsion alone. But when the needle is 
S4 degrees from the meridian, the torsion which mea- 
sures its tendency to return thither, is equal to 35 
times 24 degrees, which makes 840 degrees. The re- 
pulsion then, which it was the business to estimate, is 
equivalent to a torsion of 840 degrees plus 24 de- 
gr^s, or 864 deg^e^s. 
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Things being in this state, 'Coulomb gives to the 
wire a new torsion equal to /three circumferences of 
the circle, in a contrary way to the motion of 24 de^ 
grees already made by the needle suspended to the 
wire ; that is, in t)ie direction b S d; and that needle 
then approaches within 17 degrees of the fixed needle, 
taking the position s" Now three times 360 de- 
grees make 1080 degrees; and since this torsion is 
only a continuation of that which existed before*, 
and which was reduced to 17 degrees, we shall have 
1097 degrees for the torsion that measures the mutual 
repulsive force of the. two needles, minus the tendency 
to return to the meridian. But this tendency is equi- 
valent to a force of torsion of 17 times 35 degrees, or 
595 degrees ; therefore if we add 595 degrees to 1097 
degrees, the amount 1692 degrees will give the torsion 
that constitutes the equilibrium to the repulsion it was 
required to estimate. 

Hence it follows that the two repulsions are to one 
another as 864 to 169S, which exhibits a proportion 
of nearly 4 to 2. But the corresponding distances 
were 24 and 17, of which the squares differ but httle 
irooi 2 to 1, wnicb shews that the magnetic repulsions 
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«UstaDces, md tne sarnie results have b^n obtained by 
substiiuung attraction tor repulsion. 

2. Magnetic Attractions and Repulsions. 

548. Having proceeded ^fapds far on our subject, we 
are now capable of explaining the phenomena pro- 
duced by magnets in consequence of their mutual 
actions. This explanation will in reality be very little 
more than expressing in other words what we have 
said (410) of the effects exhibited by idio-electric 
bodies, of which one part is in a vitreous, and the 
other in a resinous ^tate, and particularly the tour- 
malin. We may suppose, if we please, that the boreal, 
fluid of a magnet performs the same function as the 
vitreous fluid of the tourmalin, and the austral as the 
resinous fluid. On this supposition the resemblance 
of the phenomena, in the two branches of science, is 
limited to those which the two bodies exhibit, having 
each its natural quantity of fluid only, iirhich may ii;i-. 
deed be decomposed, but can never be either increased 
or diminished. Of consequence ^ere will be this dis- 
tinguishing cjbaracter between the two fluids, that the 
electric fluid passes freely from one body to another, 
and, in certain circumstances, exhibits itself to the 
eye by sparks and streams of light, while thp mag- 
netic fluid acts in silence, and becomes perceptible 
only by the movements it occasions in other bodies 
placed within its sphere of attraction or repulsion. 
But if this mode of acting does not furnish the hope 
of phenomena equally striking with those which elec- 
tricity affords, the phenomena it does exhibit should 
on that account be the more closely studied by the 
©4turj^list; since th^ mor^ a qau^e would affect to con-; 
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ceal itself, the greater would be the sagacity of those 
who should succeed in penetrating the mystery. 

549* When two pieces of iron, A and Bj placed 
near each other, are in the natural state, their equili* M 
brium, like that of bodies which eviuce no sign of ^ 
electricity, depends upon four forces that mutually 
destroy one another* Confining ourselves to the ex- 
istence of these forces in the body A ; since all action- 
is reciprocal, we must conceive the austral fluid of this 
body to act by attraction on the boreal fluid of B, 
and by repulsion on its austral fluid ; and that, on the 
other hand, the boreal fluid of A acts by attraction on 
the atistral fluid of B, and by repulsion on its boreal 
fluid* A mode of reasoning similar to what vve have 
adopted (406) relative to electrical actions, will prove 
that the four forces in question arc equal to one an- 
other ; and as there are two attractions and two re- 
pulsions^ it follows that all the forces are in equili- 
brium* 

550. We have seen (411) that when two idio-elec- 
tric bodies, having their parts in opposite states, are 
brought near each other, they attract by their differ- 
ently electrised sides, and repel by the sides similarly 
electrised. In the same manner, if two magnets, M 
M, N, (fig, 60), be so placed as to each other, that M " 
turns its boreal pole, Bj towards the austral pole, a, of 
the magnet N ; the boreal fluid of B, for example, M 
being at a shorter distance from the magnet N, than 
the austral iluid of A, we may consider the magnet 
M as being wholly in the boreal state, by virtue of a 
force, B', equal to the difference between the forces of 
A and of B j and as the force B' acts by attraction on; 
the austral fluid of the pole a more than it does on the 
boreal fluid of which is farther from the magnet M, 
attraction will be the prevailing power 5 and if the two 
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magnets have freedom <Mf motion they will approecb 
till they meet, and will adhere to each other : on the 
other hand, if the pole h were tnmed towarda the pole 
By a« rcprcacnted in figure 6l, from the tame mode of 
reasoning, with a simple inTersion of the terms, it ia 
obvioos there will be repulsion between the two mag* 
nets. This will be the case also if we suppose these mag* 
nets to tarn towards each other their poles, A« l^ ao* 
Ucited by die austral fluid* In general, two magnets 
attract each other by their poles of difliHent names, 
and repd eaeh other by their poles of the same name# 
551. Let us conceiTe the body N (fig. 60) a bar of 
iron, that, while in the natural state, finds itself so 
{daced within the sphere <Mf action of the magnet M, 
that that magnet turns its boreal pole, B, towards it. 
The force B^ of that magnet, equal to the surplus force 
of B over A« will act so as to decompose t^ fluid of 
N ; and it is nmnifest, that the eAct of this action 
win be to attract towards a the anstral fluid disen^ 
gaged friom the combination, and to repel towards b 
the boreal fluid : in other words, the bar N will ac* 
quire itsdf die magnetic virtue, so that the nearest 
poles wiU be those of different names, and the two 
magnets wiU attract each other. The result will be 
the same, if we suppose the bar of iron to be presented 
to the magnet M on the opposite side, so that the 
magnet mig^t turn its austinil pole. A, towards \u 
Hence we infer, that when a bar, or any piece of iron 
in its natural state, is presented to a magnet, the 
action of the magnet communicates a magnetism con* 
trary to that of the pole to which the bar was nearest, 
so dmty in this case, there is always attraction between' 
the two bodies* The naturalist here also merely avails 
himself of the magnetic fluid to repeat an electucal 
experiment; a^ that, for instance, in which a body, 
being in a certi^n »t«ite of electricity^ first makes an** 
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other body quit its natural state, and thtfn attracts !t 
to itself (407). 

552. The bar which has received the magnetic 
Tirtue, acts in its turn on the magnet that has com- 
municated it, by decomposing a new portion of the 
natural fluid of that magnet, of which one part is 
attracted towards the pole nearest to the bar, and the 
other to the opposite jpole. The same thing happens^ 
for a stronger reason, when the magnetism is com- 
municated to a bar by the immediate contact of an- 
other bar already magnetised. And hence a sort of 
paradox extremely embarrassing to those who admit 
of the principle of vortices or of magnetic effluvia, 
which is, that a magnet should become stronger when 
it would appear to have ceded a portion of the fluid 
in which its strength consisted. Meanwhile, this in- 
crease of virtue acquired by the magnet is perceptible 
only inasmuch as the coercive force of the magnet is 
Tery inconsiderable, 

553. Reaumur was the first who observed, with 
surprise, that a magnet, which had scarcely the neces- 
sary power to sustain a piece of iron of a given weight, 
raised it more easily when the iron was placed on an 
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expedment a more favourable light, the two bodies to 
be ini contact at their poles, a. If we place behind 
the body at the point b, a third body, in the na* 
tural state, the action of N will convert that body, in 
its turn, into a magnet of which the austral pole will 
contiguous to the pole b ; and this series may be 
continued to any length. There is a curious mode of 
varying this experiment, by presenting one of the 
poles of a small magnetic bar to one of the extremi- 
ties of a sewing needle, and then to take up the bar 
so that the needle may remain suspended to it: the 
extremity of this needle will serve as a bait to attract 
a second needle, which will continue in like manner 
to be suspended to the first, and thus needle may be 
appended to needle as long as the magnetic force is 
sufficient to overcome the weight which tends by iU 
action to break the chain. 

555. There is another result, which, elementary m 
it may be at present, to those who understand bit 
little of the theory of the magnet, exhibits so con- 
vincing a proof of that theory, that, for this circum- 
stance alone, it deserves to be cited. Take two mag- 
netic bars of nearly equal force, and present to each 
of them in turn a key which it is capable of raising, 
which it will do whatever be the pole that is placed in 
contact with the key. Then place one of the bars on 
a table so that one o^its extremities may extend suf- 
fibienlly for the key to remain suspended to it. Then 
put the other bar upon that to which the key is pend- 
ent, making the poles of different names correspond 
on the same side ; and the key instantly falls, because 
the action which the pole in contact with it exerts to 
attract to itself the heterogeneous fluid of the key it 
nearly destroyed by the repulsive action of the second 
bar. Hence we sec, that to explain tlie fact this prin- 
ciple is necessary, that iron placed in .contact with .^a 
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magnet becomes itself a magnet. We see, too, the 
grouQ<] of the surprise which this effect produces, 
when the mind is not sufficiently on its guard against i 
the paradox that presents itself to the eye, which is, ' 
that a force is destroyed by the addition of another | 
force, which, acting alone, produces in appearance an | 
effect entirely similar. 

556, The action of magnetism transmits itself freely ^ 
through ail bodies not susceptible of acquiring it. 
Place for instance a board, a pane of glass, a plate of ^ 
copper, Sec. between two magnets, and there will be 
na apparent alteration in their reciprocal action3l| 
Cliarlatanism availed itself of this quality possessed 
by magrjctic forces of not being impeded by any 
I obstacle, to give to the most ordinary phenomena an 
air of magic, by means of machinery, that concealed 
from the spectator the real agent. 

But here even experience, free from all idea of di3<4i| 
gtiiBc, leads to results, formed apparently to discon- 
cert the sagacity of the philosopher hrmself: hut a 
theory is never better established than when its prin- 
ciples, which at first were supposed to be shaken by 
the difficulties arising from those very results, derive, 
on the contrary, new strength from the happy solu- 
tions they furnished of them. We have already had 
occasion to cite several such solutioris, and what we 
are about to offer wiO exhibit other instances eijually 
remarkable* ^ 

557- Place vertically, at the distance of a few cen- 
timetres from each other, two bars of magnetised 
iron^ with their contrary poles turned to the same 
side; then cover the upper extremities with a thin 
board or piece of paper strewed with iron filings, and 
these filings will so arrange themselves as to form a 
multitude of curves of greater or less width, which all 
cross one anotlier in points situated immediately above 
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the upper extremities of the two magnets. Figure 6% 
b a kind of representation of this assemblage of 
curves. 

Philosophers have* considered this phenomenon as 
an evident demonstration of the action of magnetic 
vortices. Other experiments fiimish only matter of 
conjecture as to their existence ; but here do we not 
see them actually exhibit themselves ? 

We shall analyse this phenomenon, that we may 
ihe better understand its true interpretation, agreeably 
to the principles of. our theory. Let C G (fig. 6S9 
pi. X.) be a magnet having its centre of boreal action 
in B,.and its centve of austral action in A. Conceive 
a ferruginous needle^ extremely short, to be suspended 
freely at a point, N, nearer to B than to A. This 
aeedle, which we have hitherto supposed to be in the 
natural state, will itself become a magnet ; and as we 
may then consider the magnet C G as solicited by a 
single force, the needle, by virtue of a certain quan- 
tity, B', of boreal fluid, will assume an oblique position 
to the magnet, so tluLt a will be its austral pole, and b 
its boreal pole. In this state of things, suppose the 
centre, c, of the needle to be moved a little along the 
line a 1^ or tlie line of prolongation of the needle, so 
that its centre, for example, shall be in g. In conse- 
quence of this single movement, the extremity, a, of 
the needle will approach towards the point B : from 
which it follows that the needle will assume a new po- 
sition less oblique than the preceding, and directed 
according to the line e m, which will make with the 
line bd m infinitely small angle. If we give to the 
centre, c, a further movement along the line € so that 
this centre shall be in /, the needle will take another 
direction, such as / /, making a very shght inclinatioii 
with the preceding direction. If we continue to move 
tjxe centre of the needle in the same manner, it is ob* 
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mom that this centre will describe a curve c gf See- 
the sides of wljich will coincide with the di^erent 
directions of the needle* 

In this curve there wil! be a point where the needle, 
whicti contfnur\lly departs from the parallelism with 
C Gj will take a directian^ n perpendicular to that 
line* Beyond that point, the extremity of the needle 
itill tending to approach nearer and nearer to the 
point Bj the new sides, r Sy of the curve will be in- 
clined in a contrary way to the first sides, rg, gfs 
and at last, when the extremity, a, of the needle shall 
be indefinitely near to ihe point B, the curve will pas* 
Arnij^^h that point. Beiaw, it will form sides, which 
ijiproarh r*>Kitinually nearer to parallelism with 
C G ; an I when the centre of the needle shall be at pi 
siti^i=ired dire(*tfy under the centre O of the magnet 
V (r, t]\p direction, of the needle will be parallel to 
C Gf becaiijse of the equilibrium between the forces 
of iie poles B and A, Beyond that term, the force 
.of die pole A being the preponderating force, the 
etirve will incline towards A, and at last will pass 
tli^re* fonnina^ a new branch, x z A of the curve, 
iiiiiiiar fo the opposite one* 

Let ns now imagine the centres of a multitude of 
cx^rcmeiy short ni^-edles to be arranged on th^circum- 
fercii .e of this curve : these needles will shortly assume 
mif b positions, that each of them will direct itsell'ac- 
cat'lmg to the tangent at the point of the curve, which 
tr! e ."-Htfounded with the centre of the needle; and 
as an tlie needles are dire ted towards each other by 
their p'^les of different nau es, they will adhere to one 
wiother, and will form a contmued curve. 

If particles of filings be substituted for these needles, 
and instead of supposing these particles freely st3|- 
pended, we conceive them to be laid on a'plane where 
they experience a degree of friction, the resistance 
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produced bj the friction will prevent them from glid- 
ing towards the points A, B, which a t to attract 
tiiem; at the same time this attractive force may be 
sQch>. that the filings will take the direction which 
diey would have had^ if placed so as to have been 
moveable round their centres^ especially if we second 
their tendency, by slightly shaking the plane that sup- 
ports them, so that the^ will form on that plane by 
their junction the cur>'ed line we have mentioned. 
We may comprehend without difficulty, that if the 
plane is covered with particles of filings, the particles 
mil take a direction to the sides of different curved 
fines adapted to the corresponding systems of indi- 
vidnal action, and the curves will have two common 
intersections at the points A and B, which is conform* 
able to observation. 

658. We may explain with the same ease a little 
ph^omenon bearing some affinity with the preceding 
one, and which is the more curious, as it would seem, 
by its singularity, to make experience contradict 
theory. It is this : l^iace on a piece of board, or a 
table, O R (fig. 64), a slender iron wire, two or three 
millimetres in length, and hold above the table, at the 
distance of a few centimetres, a magnetic bar, A B, in 
a vertical position, having its lower extremity, which 
may be either the boreal or the austral pole, sideways 
as to the wire. The wire instantly raises it at the ex- 
tremity nearest the bar, taking an oblique position 
such as 6 a. Shake the table slightly so as to jolt the 
wire a little, and you will, see it regularly approach 
towards the bar, till, it places itself in a vertical situa- 
ticm iniinediately under the pole B. 

Thus far there is nothing wliich the. observer might 
not have ft^seseen^ But place the bar imderneath the 
table, aS' is represented in figure 65, and proceed with 
the. expenmfiQt as before, and the wire b a will raise 
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itself again J making an angle more dr lem ktmie with 
the surface of the table; but in proportion as we 
slightly shake the table, the needle will continuaily 
remove from the bar, approaching the point R^l 
though it is evident that the bar exerts on it an I 
attractive force. > ■ 

To solve this paradox, let ns take the case in which fl 
the bar was above the table. *Let B (fig* dfl) be the intfl 
/erior centre of action of this bar. At the moment the 
wire risesj wc may consider it as a small lever, a 6, the 
f ale rum of which is at tlie point Sj and the extremity 
ia is solicited at once by the attraction of the pole % 
and by the weight which acts to make it descend. 
Now this last force opposes itself in part to the efiect 
of the attraction of tiie pole so that the angle efts, 
formed by the direction of the wire with the plane 
O is less tbaji the angle 3 b^^ which would have 
been formed on the supposition of the wire directing 
itself according to the line h which passes through 
the pole of the bar. 

Now let us suppose the wire a b, in consequence of 
some foroe, to be detached from the plane O R, so 
that its centre of gravityj shall be a little above its 
fost position, far instance at the point if in the yerti«»^ 
eal line u c z: if we suppose, for an instant, it has 
taken the position a* b% parallel to a 6, it will not pre* 
serve it; but its extremities, b\ a% having both in that 
case freedom of motion, the wire will turn round the 
point and will tend to direct itself on a line passing 
Chraugh the pole B, which cannot take place without 
its extremity y lowering itself towards the plane O R ; 
and when it shall touch it, the wire having a directioti 
such as fr'a", of which the prolongation passes ihrough 
the pole B, or nearly so, its extremity h" will be nearer 
ttie vertical line s B, than when it had the poi^ition ba. 
At the same time, the resistance of the plane O R 
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o0ering a new fulcrum to the small lever which rests 
on it by its extremity 6", this extremity will remain 
fixed, while the opposite extremity a** will descend a 
little from the effect of gravity, so that the angle 
tf^i" twill diminish by a small quantity, continuing 
however always larger than the first angle abs. 

During the descent of the point a", the centre of 
gravity d will quit the vertical line n and place itself 
in the point x, on an arch of which If* d will be the 
radius, and accordingly it will approach nearer to s B, 
If we shake the plane O K a second time, and imagine 
a new vertical line, passing through the point x and 
along which the centre of gravity of the wire moves, 
th^same effect will be repeated ; and this will be the 
eas0 every time, so that the point h" will have a pro- 
gressive motion towards the point and will at last 
coincide with it, by directing itself according to the 
vertical line s B. 

ITie supposition we have made of a vertical line, of 
which the centre of gravity of the wire follows the 
direction, by raising itself above its preceding posi- 
tion, is not very remote from the truth ; for the di- 
stances of the poles a, A, of the wire from the pole B 
of the magnet, differing but little from one another, 
on account of the shortness of the wire, the two ac- 
tions of the pole B, of which one attracts the pole 
and the other repels the pole ft, are nearly equal ; and 
as the shaking of the plane is supposed to act in a 
direction diametrically opposite to that of the weight, 
it follows, that the centre of gravity of the wire re- 
mains, €is to sense, in the same vertical line, both 
while the wire ascends and while it descends. 

The experiment ought to exhibit effects the reverse 
pf these, when the magnet is placed underneath the 
plane O R, as in figure 67, where we suppose the pole 
Jiy the nearest to the plane O R, was the austral pole, 

o ^ 
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which h immaterial as to the result. In this hypo- 
thesis, the wire having taken of itself the direction 
b ay if we give a slight shaking to the plane O R, 
and d be the new position of the centre of gravity of 
the wire, it is easy to perceive, that this wire, instead 
of remaining in a direction, a' h\ parallel to a will 
lower itself by its extremity i', in such manner that 
when it shall touch the plane O R, the direction of 
the wire will be in the line a" h" A, which passes 
through the pole A of the magnet : whence it follows, 
that the extremity h" will be farther from the vertical 
line A ^, than in its first position. But at the same 
moment the wire, supported at the point ft" by the 
plane, will descend by its extremity c", in consequence 
of the weight, and its centre of gravity will be trans- 
ferred to the right of the vertical line uz; from which 
it is easy to conceive how the new shocks given to the 
plane O R will . determine it to approach the point R, 
so that the attraction exerted on it by the magnet will 
appear to be changed into repulsion. 

559. We shall state another very easy experiment, 
which furnishes a numerous assemblage of little phe- 
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malpet. ThU distribation, which is analogoas to that 
of the electric fluid round a conductor, or of the two 
electric fluids in a tourmalin, is in general so arranged, 
that the magnetic densities being very considerable 
near the extremities, decrease rapidly from thence, 
and. become almost nugatory in a very manifest space 
•itoated towards the middle of the magnet. It fol- 
lows, that the centres of action of these bodies are, as 
we have stated (546), at a short distance firom their 
extremities. For example, in a steel wire 67*5 cent. 

£5 inches long, this distance was but 22*5 mill, or 
ten lines. We may form a pretty accurate judgment 
of tliis proximity of the centres of action with regard 
to the extremities of a magnetic steel wire or bar, by 
holding such a bar in a vertical position opposite the 
freely suspended needle of a compass, and by raising 
and lowering it, so that the diflierent points in its 
length may be successively presented to the needle : 
m this case we shall observe in the needle a manifest 
tendency to a certain point of the bar, which will be 
little remote from the extremity situated on the same 
fide. 

This distribution of the two fluids in a magnet dc- 
|>ends on the principle that the forces of these fluids 
conform to the inverse ratio of the square of the 
distance. To judge from appearances, the action of 
each moiety of a magnet proceeds wholly from the 
presence of a single fluid in a state of freedom. But 
every thing induces us to admit the happy hypothesis 
of Coulomb, which we have mentioned before in 
speaking of electricity (458). It consists in regarding 
every molecule of iron as a small magnet, that has its 
boreal pole and its austral pole equal in force to each 
other. All the petty magnets of which a magnetic 
-bar is the assemblage, are ranged in diflerent files 
parallel to the axis of the bar, in such manner that 
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pole of ofie is coatiguous to tbe austral 
of the next, or reciprocally* We shall attempt 
to shew how this hypothesis furnishes an equivalent 
to what would take place if each moiety of the mag-* 
net were in a single state of magnetism. 

561, Conceive, in the first place, an indefinitely 
thin needle, m n (fig. 68), composed of an infinite 
numher of srnaU partial needles, c, e,/*, Sic. and 
suppose this needle to have been put into a state of 
magnetism by the action of a magnet. In this case^ 
all the contrary forces of the contiguous poles 6, a* ; 
h*j a'\ 8cc. * will he equal to one another, so that 
their actions will be reduced to zero. As to the forces 
of the two extreme poles, Tidelicet, that of the pole m t/L 
of the needle r, and that of the pole b of tJie needle r, 
which alone are in action, on account of their di* 
stance, the quantities of fluid on which they depend 
residing only in two points, these forces are supposed jBl 
to act on all the intermediate poles at infinite distances, ^ 
and their action is of consequence inefficient to alter 
the state of the wHole needie. Hence, if there existed 
a magnetic needle similar to this, it$ two centres of 
action would be in the extreme points, and all the 
space between w^ould be supposed to be in the natural 
state- 
But the hypothesis of a needle infinitely thin is 
merely ideal, and all magnets have necessarily a thick- 
ness more or less apparent. Yet we may discover, by 
a train of reasoning, what ought to be the result of 
the reciprocal influenee of different needles resem- 
bEng the needle m of which a magnet is supposed 
to be the assemblage, to place that magnet in the 
etate in w^hich the experiment presents it to us< 



• The letter h mdtcatea lie le, as before* the boreal pok, and the \4 
austral pole. 
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Jjet us imagine that M N bciog the magnet ij| 
f s^ooy the distribution of the two fluids is at first 
the same in each of its component needles, as tha\ 
which takes place in the needle m n ; let us suppose, 
iiirthery this needle to be placed in contact with th^ 
magnet M so as to become one with it, and let us 
examine the action which it ought to exert on th^ 
Afferent points of the needle. If we divide in ima- 
gination the magnet M N into as many parts, C, 
£^ T, as there are constituent needles in the 
m n, we shall have a series of magnets in which 
the forces of the contiguous poles B, A' ; B', A", &c. 
will mutually destroy one another ; and thus M N, ia 
the present supposition, will not be able to act on th^ 
Qeedle m n but by means of forces which have thei^ 
teat in the extreme poles ; such arc the pole A of th^ 
pert <3, and the pole B of the part R. Now, each of 
diese fcMToes is that of a fluid which extends over u 
surface equal to the base of the part C or R, com- 
posed of an infinitude of points ; from which it fol- 
lows, that it acts at finite distances on all thp littl^ 
needles, c, d, e,/, &c. 

Now the fluid of the superior pole A attracts to 
itself the boreal fluid of the pole 6, 6', b", &c. of each 
of these needles, and repels the austral fluid of thf 
pole Oy aly af'y &c. There will then be a certain num- 
ber of heterogeneous moleculae that will re-unite them* 
selves in every needle, and compose anew ^ portion of 
.die natural fluid. But the fluid of the pole A act$ 
more forcibly on the needles near the extremity wi, 
9nd more feebly on those which are at a certain di* 
stance from its extremity. The quantity .of natural 
.fluid composed anew will therefore decrease from one 
Beedle to the other ; and by a necessary conscquei^ice, 
the portions- of fluid which remain in a disengaged 
State, will, on the contrary, go on increasing from the 
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Jktremity m. The same effects will take place in the 
contrary way, by virtue of the action of the inferiof 
pole B oh the needles r, oT, A, 8cc. 

It follows from what has been said, that if we repre- 
sent by a, b, a!, I/, &c. the quantities of fluid which 
remain in a disengaged state in the needles of which 
these letters have served to designate the poles, and if 
we compare the two needles c, rf, we shall have of 
greater than b ; in like manner by comparing e with 
we shall have a" greater than b% &c. ; from which we 
conclude, that the action a'— ft of the first two poles, 
as well as the action a"—b' of the two next, is equi- 
valent to that of a single austral pole animated by 
a force equal to the excess of a' above ft, or of a" 
above b\ By employing the same mode of ■ reason- 
ing with regard to all the following poles till we come 
to the middle of the needle m n, we shall infer that all 
this half is in the same case as if it were solicited by 
a series of decreasing quantities of austral fluid. With 
respect to the inferior half of the needle m n, th6 re- 
verse will be the fact. The differences, 6'— a, b"—af, 
&c. between the quantities of fluid belonging to the 
constituent needles r, o, &c. will each represent a bo- 
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. Bnt a3 the forces of the magnet M N follow the 
inverse ratio of the square of the distance, they will 
act on the needles near the extremities with an in- 
toiseness incomparably greater than on those at a cer- 
tain distance from these extremities ; so that if the 
needle m n be rather long, the eifect of these forces 
on the middle part of the needle will be almost nu« 
gatory. Accordingly the fluids will preserve in this 
part nearly- their primitive state ; and that state, as 
follows by consequence, will differ but little from the 
natural state. 

What we have said of the indefinitely thin needle^ 
m n, may be equally applied to all the needles of which 
a magnet, M N, having a manifest thickness, is the 
assemblage, and that by virtue of the reciprocal 
actions of those needles ; so that at the very instant in 
which this needle has been drawn from the natural 
state, there is established in its interior a general di- 
stribution of the two fluids, similar to that which, to 
aid our eonceptions, we have supposed relatively to a 
single needle. 

562. It is now easy to solve the difficulty presented 
by a phenomenon, that has excited in no small degree 
the astonishment of naturalists, and of which iEpinus 
himself gives but a very unsatisfactory account. Cut 
a magnetic bar towards one of its extremities, so as to 
detach a portion of it, that may be ever so short, and 

procefiding in the tame maoner as to the other extremity, the state of r be 
Represented by — 6-f-6, that of o by '12-|-12, that of h by — 15-f-15, and 
tiiat of g by — 16-|-16 ; it is evident, that the quantities of aostral fluid thgK 
wiD remain in activity in the upper half of the needle, will form this sexies; 
+iS-6, -1-15-12, -1-16-15, +16-16, or more simply, 6, 3, 1, 0. la 
&e same manner the quantities of austral fluid that will remain in activitj 
in the lower half of the needlu will exhibit this s«ries: -|-6— 1?; -j-i^— 15, 
-fl5— 16, 4-16—16, or —6, —3, —1, 0. Thus each half of tlic need]* 
win be ooneelved to be soUdted by a ua^ force equal and contrary to that 
fftiieptiirrlMaC 
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instantly tiiat portion becomes itself a cdmplete mig« 
net, having also its two halves solicited by equal and 
contrary forces. How, by the o^rdinary theories, is it 
concdvable, that this segment, which was before com« 
{>Ietely in a unique state, like the part from which it 
was separated, should all at once, by a sort of creaticm, 
be furnished with a double magnetism i 

To unriddle this seeming paradox, let us again have 
recourse to the supposition of the indefinitely thiii 
iieedle, m n, which presents, as we have seen, a sue* 
cession of opposite poles, equal in forces, and conti* 
guous two and two, except the first and last, which are 
itpart. If we were to break this needle, at any point 
whatever of its length, it is evident, that each part 
would have still at its extremities two poles animated 
by equal and contrary forces, of which the one, which 
Was at first remote, had then all its energy, and the 
Other, which was balanced by the force of the conti'* 
j^ous pole, would be placed in activity, on separating 
itself from that pole. 

The same thing will have place, if we suppose a 
portion of the magnet M N has been detached from 
its length ; with this difference, that the pole situated 
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daiiltf in form, and disposed symmetrically in thf 
whole body, that each molecule must completely un* 
dergo the double action of electricity or of magneU 
ism, to place its two halves in different states : and 
fkccordingly the distinction between these states, as to 
entire bodies, is only a consequence of what takes 
place relatively to each molecule. The effect of the 
whole assimilates itself to that of the component 
parts; and thus, on this hypothesis, which is ex* 
tremely plausible, there is no longer any thing extra- 
ordinary in the phenomena produced by those bodies, 
which may be termed the polypi of the mineral 
kingdamn 



3. Communication of Magnetism^ 

564. We have already spoken (551) of the action 
exerted by a magnet on a piece of iron which, being 
first in the natural state, was afterwards placed within 
the sphere of activity of that magnet ; and we have 
seen that it acquired itself the magnetic virtue, so 
that its part turned towards the magnet was in an op* 
posite state to that of the pole which had acted on it 
at a nearer distance. We have now to explain the dif* 
ferent means which have been devised to carry to the 
highest possible pitch the magnetism acquired by 
communication. But we must first give an idea of a 
lesult that has sometimes taken place, in consequence 
of an irregular distribution of the two fluids put in 
motion in a body passing to the state of magnetism. 

565. Suppose A 6 (fig. 69) to be a powerftil magnet 
which acts on a bar of iron, m n, to communicate t^ 
it the magnetic virtue: the action of this magnet, 
which wiU depend on the excess B' of the force of the 
•boreal pok B over that of the austral pole ^ <55l), 
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will attract the austral fluid a in the parts of the bsr 
.near n, joxid repel the boreal fluid b in the parts situ«^ 
ated towards m. Now there are two circumstances 
that occasion in the motion of this last fluid some 
obstacle : first, the difficulty which its moleculae ex- 
perience in moving the iron, which proceeds from the 
coercive force (541), and next the repulsion exerted 
on these moleculiB by those of the fluid already accu- 
mulated towards the extremity m; a repulsion that 
augments continually, in proportion as the accumula- 
tion itself continues to augment. ^Accordingly there 
may be a term where the resistance arising frpm the 
concourse of the two causes may become superior to 
the repulsive power of the force B', and the fluid will 
then, if we may so speak, be choked up in some point, 
b'y by yielding to that resistance, and may even so 
abound there, that its action shall produce in the 
neighbouring part a' austral magnetism. 

The bar of iron, m n, will therefore, in that case, 
Jiave four poles in succession to one another, and pos-* 
sessing alternately austral magnetism and boreal mag- 
netism. To these different poles succeeding one an- 
other in the same magnet, the name of consequent 
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quire one or two poles more> and the needle will then 
haye three or four consequent points. It may also 
produce another effect, connected with the preceding, 
and which occasions a simple reversion of the poles of 
the needle, so that the austral pole will take the place 
of the boreal, and reciprocally. 

The circumstance which determines one of these 
effects to take place rather than the other, depends on 
the relation between the force of the^ bar and that of 
the needle. Suppose the needle m n (fig. 70) being 
moveable on its pivot, we present it by its boreal pole, 
by to the boreal pole, B, of a bar, holding it at the same 
time with the hand, to prevent its turning by the effect 
of repulsion. It will happen, that the force B' of the 
bar (551) drives back all the fluid 6 to a certain di- 
stance from the extremity n, and at the same time de- 
composes a new portion of fluid which is still in the 
natural state in the needle, and attracts towards n 
the austral fluid which forms a part of that natural 
fluid. The needle will then have three consequent 
points, as represented in figure 7 1 ; so that if we suc- 
cessively cause to pass, directly opposite to its differ- 
ent points, the austral pole of another needle, not 
s1;rong enough to change the state of the first, the two 
extremities of that needle wHl be repelled, and there 
will be, between*those extremities, a point, such as b, 
that will be attracted. 

567. But if the bar A B (fig. 70) be sufficiently 
powerful to overcome in all the points of the needle^> 
m n the resistance of the coercive force, it will be able 
to act so as to repel as far as m the boreal fluid of the 
needle, and attract as far as n its austral fluid ; and in 
that case the poles of the needle will be reversed, 
without any intervening pole between the extremi- 
ties m, n. 

568. The analogy between magnets and bodies su- 
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sceptible of electrisation by heat, extends even to this 
kind of anomaly which the consequent points exhibit. 
We have seen a topaz whieh^ after having been heated j 
had its two extremities in a resinous state, while the 
part between evinced signs of vitreous electricity*, 

569- To render more intelligible what we have to 
add upon this subject, wc sh?ill resume here, with 
more detail, what has been said (541) of the diiFerence 
which the greater or lej^s degree of hardness of the 
iron occasions, in general, in the internal motion of 
the fluid* Steel does not accommodate itself to this 
motion without great difficulty ; but the two compo* 
iient fluids having once overcome the obstacles which 
prevented them from distributing themselves in the 
two halves of a steel bar^ the same diftieulty which 
had retarded this distribution opposes itself to the 
effect of the attractive force, which tends to bring 
back the two fluids to one another, and by their com- 
bination restore the bar to its natural state. On the 
contrary, in soft iron, the disengagement of the two 
Huids is effected more easily and more abundantly ; 
l>ut the return to the state of combination takes place 
afterwards with the same ease ^ from whence it ibllows, 
that soft iron readily acquires a considerable degree 
of mas^netism, but which is at the same time fugitive; 
while steely magnetised with much greater difficulty, 
preserves its virtue longer ; and it is for this reason 
that steel alone is used for making artificial magnets. 

570. The most simple way of communicating mag- 
jietisui to a steel or iron rod, is to rub this rod with » 
magnetised bar, gliding one of the poles of the bar 
along the rod through its whole length, and repeating 
several times this operation in the same direction. 
Suppose the pole in contact with the rod to be the 
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bimal pole of tbe bar : the action of that pole attracts 
die austral fluid of the rod, and repels the boreal fluid; 
whence it results, that the part of the rod in contact 
with the bar, tends incessantly to the austral state of 
magnetism, and when the ba^ reaches the extremity^ 
and is then taken away, th^ part it has quitted is in 
that same state of magi^tism. 

During its motion the bar acted at the same time 
on each part, at a certain distance, to repel the boreal 
fluid ; but in proportion as it advanced towards the 
eictremity where its motion was to end, it destroyed 
the efiect of that action in the points it approached, 
•nd made ihcm pass to the austrd state of magnet* 
ism; whence it follows, that at the termination of its 
mpdoa, the parts situated within a certain limit of the 
octiematy wfaidi it came to quit possess austral mag* 
uetism, mod the ulterior parts, situated towards the 
opposite extremity, have acquired boreal magnetism ; 
imd accoffdingly, when the rod shall afterwards be left 
l» nsd^ the two fluids, to answer to the conditions of 
.eqpriiUbnum, uriD be distributed in such a manner that 
qH tiuBt half OTer which the bar last passed, will possess 
acatnl iMgnetism, and the other half boreal mag* 
Milisiii. 

If mum fidction be given in the same direction as 
befcBS, it wifl partly diminish the eflect of the preced- 
ing, smd partly increase it : and so long as the second 
ifeet shall ppevail over the first, the rod will continue 
lo wtptire magnetism. But this augmentation of the 
SAgnetic virtue will be so extremely Umited, that after 
a few strokes the communication of magnetism wiii 

57 i. The SM<thod of double contact, invented by 
MklcAieii, ds nmch more advantageous. It is this: 
Tabe lPSk> •magnetic bars, R, S, (fig. 72), and raise them 
^feitiMUiy a* a short distance from eadh other, «o that 
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their opposite poles, A, B, may correspond. In this 
situation make them glide from one end to the other^ 
backwards and forwards ahernately, along the rod, 
A', that is to be magnetised, taking care that they 
never pass beyond either extremity of tlie rod. After 
a few strokes, when the bars are near the middle of 
the rod^ take them away in their perpendicular direc- 
tion to the rod. The result of this operation, is to 
place each exrremity of the rod in the contrary state 
to that of the inferior pole of the bar, situated towards 
that extremity. • 
To nnderistand the effect of this method, let us con- '| 
sider first, what passes in the part of the rod answer- 
ing to the interval between the centres of action 
and 1/ of the inferior poles, the only ones w^hich have 
any very perceptible iniluence on the results It is 
easy to perceive, that each moleetde of the austral 
fluid, such as jt, comprehended in that intermediate 
part, i,. attracted from left to right by the boreal 
centre of action and repelled in the same direction, 
by the austral centre of action a'. On the contrary, 
each molecule^ wi, of the boreal fluid is attracted from 
right to left, by the centre a% and repelled in the same 
direction by the centre b\ These effects are contrary, 
as far as a certain point, from t!ie influence which the 
bars exert on the ulterior parts; for example, the bar 
S repels towards the right the molecuW, of the bo* 
real fluid which are behind it, while it repels from 
right to left those which are before, in the interviJ 
between the centres. But the first repulsion is in a 
great measure destroyed by the contrary attraction of 
the other bar R, on the same moleculae ; so that every 
thing being counter- balanced, the operation goes on 
incessantly towards its object, which is, in general, to 
produce austral magnetism in the half of the rod situ- 
ated to the right, and boreal magnetism in the oppo- 
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•ite half. The precaution that is observed at the end 
of the operation, of taking away the bars when at the 
Biiddie of the rod, tends to favour the symmetrical 
durtribatioa of the fluids in the two halves of the rod 
when left to itself. 

572. A consideration presents itself here relative to 
the distance requisite bet\)v'een the bars, that their 
actims may have the greatest possible influence on 
the principal effect, that is to say, on that which is 
produced in the space intercepted between those bars. 
The detemflnation of this distance depends upon the 
height of the centres of action, a*, hf^ above the bar 
A' B', which receives the magnetic virtue. To under- 
stand- this, suppose that the bars, being at a distance 
from each odier, have their centres of action in a 6 
(fig. 7S)f and that A'. be still the body that was to 
be magnetised. For The greater simplicity, let us coa« 
fine our attention to the repukive action of tlie centre 
i on a particle, m, of the boreal fluid contained in the 
bar A* 9. This action being directed obliquely, with 
respect to the length of the bar, which is the direction 
in which the fluid must be impeUed to arrive at B', it 
decomposes itself into two other actions : one, answer- 
ing to b pf perpendicular to A' B', is nugatory as to 
the proposed effect ; the other corresponding with b r, 
drawn parallel to A' B' till it meets m r, perpendicular 
to the line joining the two centres ; and this second 
force alone contributes to the motion of the particle 
towards B'. 

Now, on the one hand, die line b r increases in pro- 
portion as the angle 6 m a is less acute, or, which is 
'the same thing, in proportion as the two bars are 
further from each other ; but at the same time, the 
intensity of the action of b diminishes, by reason of 
^the greater distance between that centre and the mo- 
lecule m. Suf^pse thb distance to be nothing, the 
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action represented hj br will vanish; on the ccm^' 
trary, suppose it infinite, the intensity of the fo)rce.6 
will become zero in its turn. There is therefore, with 
respect to the angle b ma^ a certain mean measure, 
giving for the real force the greatest possible value. 
jdSpinus, who supposed that the action of the mag* 
netic forces followed the inverse ratio of the simple 
distance, found that the angle b m a/in the case of a 
maximum^ was a right angle ; but if the real law be 
established, that is, the law which follows the inverse 
ratio of the square of the distance, we shall have 
70° SV A4l* for the measure of the angle in question 

Suppose, for example, that the bars employed in 
this experiment were in the same state as the steel 
wire of which we have before spoken (560), which was 
67*5 centimetres in length, having the centres of 
. action 22*5 millimetres from the extremities ; to ob- 
tain the maximum of action, the bars must be placed 
at the respective distance of 32 millimetres. 

573. ^pinus, in the method of double contact, has 
followed a different process, by inclining the bars in a 
contrary way, as is represented in fig. 74, pi. XI, so 
.that each shall make a small angle of about 15 or 20 



Communication Magnetism. 99 



degrees with the bar A' F. By this mode of operat- 
mg he supposes two things to be obtained : first, that 
the centres of action, ctf b% which were raised to a cer- 
tain height above the surface of the bar A' B', when 
the bars which acted upon it were in a vertical posi* 
tion, are in the present case much nearer to it, and 
thrir action becomes in consequence much more effi- 
cacious. Secondly, the interval between the centres 
of action being greatly augmented in consequence of 
the very obtuse angle which the bars make with each 
other, this new circumstance widens the limits be- 
tween which the effect of the conspiring forces was 
compressed, and proportionally favours the activity of 
those forces (g). 

But these advantages were in a gpreat measure ba- 
lanced by the inconvenience which attended the oper- 
ation, of frequently producing in the bar A' B' conse- 
quent points, whose action, though slight to the 
senses, was not to be neglected ; especially when the 
needles of mariners' compasses were in question, their 
(perfection partly depending on th^ unity of their poles. 
To comprehend this inconvenience, let us suppose 
that the bars A B in moving from A' to B' are at the 
middle of the bar A' B'. Let r jz be a perpendicular 
let fall from the centre of action of A on this last bar. 

{g) The metliod of doable touch, or doable contact, wu first published 
by Mr. Canton, who availed himself of tl^ ingenioos experimeuti of Mr. 
Mitchell of Cambridge, to whom the discovery b justly ascribed by Haiiy. 
The mediod here attiibated to .£pinus, is due to Antheaome, and was de- 
scaibed in his memoir tur k$ Ainums artyicieU, 1766. According to Pro- 
fessor Kobisoo, Uie great advantage of thb method b the regularity of the 
Bttgnedsm which it produces. We never find mors than two poles ; and 
when tfacrban are hard and of uniform tesli|re, the polarity b very little 
diffiued, and aeesung^y confined to quite a minute space at the very ex- 
tremitits of t^ bar ; which b a prodigiuus advantage in point of strength. 
Thb method too, appears the only one, by which two bars can be impreg- 
uited jdned end to end, considering them ai one bar«*«Ts. 

H 2 
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A molecnlc, 5, of the boreal fluid situated to the right 
of this perpendicular is strongly solicited to approach 
it, by virtue of the action of the two bars A B ; but at 
the same time a molecule^ of the same fluid situ- 
ated to the left of the same perpendicular is attracted 
in an opposite direction, and this action is no longer 
sensibly destroyed by the contrary force of the centre 
h\ as in the case where the bars A B are situated ver- 
tically. Now it may happen that the fluid, 5, 5*, shall 
be so accumulated in the space it occupies, that when 
the motion of the two bars shall afterwards be conti- 
nued, the coercive force of the bar A' B' shall permit 
them only to repel back again towards B' a part of 
the same fluid. There will consequently be formed in 
th^ sjKice 5 ^ a boreal pole, which in its turn will give 
rise to an austral pole in the next space situated to- 
wards B', and thus will introduce into thjit space a 
kind of perturbating force in regard to that of the ex- 
Ltremity B'. 

To remedy this inconvenience*, Cpulomb, having 
placed the two bars A B on the middle of the bar 
A' B', inclining them as ^pinus did, draws them in 
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S, which arc already in a magnetic state, are then 
used, to communicate the same virtue to one of the 
first barsy as M for example, foHowing the method of 
£pinusy or, if it be^preferred, that of Coulomb. This 
bar acquires poles, the positions of which are indi- 
cated by the figure, and already the other bar N, by 
virtue of the communication that is established be- 
tween it and the bar M, by the intermediation of con- 
tacts, receives itself a commencement of magnetism ; 
and it is easy to conceive, that each of its poles cor- 
responds to the contrary pole of the bar M, as may 
also be seen by the figure. After a tortain number of 
strokes, the bar M is turned, without changing the 
disposition of its poles, and the operation is repeated 
on the otiier surface. Similar frictions arc succes- 
sively-given to the two surfaces of the bar N, taking 
care to reverse the positions of the poles of the bars 
R, S, because those of the bar N are themselves situ- 
ated in a contrary direction to the poles of the bar M. 
This done, the bars R, S, are substituted for the bars 
M, N, and the last are used to augment the virtue of 
the others. When the communication of magnetism 
is supposed to have attained its greatest extent, those 
bars which were last subjected to friction are pre- 
ferred, to magnetise steel needles, and other bodies of 
the same nature. 

The effect of this operation is favoured by making 
the other two bars concur as auxiliary means in pro- 
ducing it. ' In that case, those bars are directed on 
one and the same line, as represented in fig. 76, at a 
less distance than the length of the needle that is to 
be magnetised, and the needle has given to it the po- 
sition a bf answering to the interval between the two 
bars, so as to rest upon them by its extremities. 

If the bars M, N, (fig. 75), had already a certain de« 
gree of magnetism, it is evident that they ought pre- 
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viously to be placed in their respective positions ana- 
logous to those which the figure represents, where the 
poles of different n^es correspond on the same side. 

575. Suppose that the bars M, were in some 
way or other to be kept in an invariable position, re- 
latively to themselves and to one of the contacts 
and that, having suspended this apparatus vertically, 
so that the point at which it is held may be on the 
side of the fixed contact, there were to be placed oii 
the side of the other contact a piece of soft iron with 
a hook below it, like that represented underneath the 
magnet P S (fig. 77). By suspending different bodieis 
to this hook, we shall be able to ascertain the weight 
the magnet is capable of bearing by virtue of its 
attractive force. It is upon this principle that arti- 
ficial magnets are constructed ; all the difference is, 
that for the bars M, N, two bundles of thin steel la- 
minae are substituted, which, having before been mag-^ 
netised separately, are then so united, that they-might 
in each bundle be contiguous by the poles of the same 
name. Coulomb has formed magnets of this kind 
that weighed about ten kilogrammes, or twenty 
pounds, and of which the power was equivalent to a 
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We shall enter here into a few particulars respect- 
ing the armour of unlets and the communication of 
magnetism. 

576. The name of armour is given to the plates of 
soft iron applied to natural magnets at the places of 
the poles, and that contribute either to preserve their 
virtue, or even to increase it. Previously to arming 
a magnet, it is shaped like the rectangular parallelo- 
piped P S (6g. 77); so that if we conceive a plane 
passing «t equal distance from the two opposite sur- 
hceSf and parallel to those surfaces, the two halves in* 
teroepted by this plane will be in two different states 
of magnetism, like those of a magnetised bar. Each 
maouiffkorf A', has the form of a carpenter's square, 
of which one of the branches, f /% which is longer 
than the other, and is called the leg of the armour, is 
applied to one of the surfaces we have mentioned ; 
and the other branch, h h% which is the foot of the 
armour, it applied to the adjoining surface, which 
may be considered as the base of the parallelepiped. 
Of this base the armour covers only a space a few 
millimetres in length. 

Let us now analyse the effect of the armour which 
answers, for example, to the pole B of the magnet. 

toch • slumped piece magnetic, p]ace a pair of magnefiMd bars againtt thf 
ends of Uie botae-clioe, with tlie fonth end of the bar against that of the 
hone^cboe which b intended to be the north, and tlie north end of the bar 
to that wliicb ii to be the south > tlie lifter, of soft iron, to be placed at the 
other end of the bars. Also rub the soritioes of tlie horsc-sboe with the 
pab of bars di^XMed like the legs of compasses when a little open, or wKh 
another hone-shoe magnet, turning the poles properly to those of die pro- 
posed magnet ; and beiqg careful that these ban never touch the ends of 
the straight bars. To prevent a sudden separation of the ban from the 
horse-shoe, which would considerably diminish the force of the latter, slide 
on the fifter, or support, to the end of the horse*shoe magnet, but in such a 
manner that H may not touch the ban ; they may then be taken away, tokd 
the support did to its place.— Tr. 
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The force of thu pole acts so /as to decompose th« na- 
tural fluid of the armour; it attracts the austral f)m4 
in the parts of the substance of the armour nearest 
the loadstone, and repels the boreal fluid in the p^rts 
most remote ; and as it acts much more efficaciously 
on the leg the austral fluid will in preference pout 
itself into the substance of that leg, and the boreal 
fluid will be driven back in great measure into the: 
foot h, as much by the action of the magnet, as bj 
the mutual repulsive force of its own molecules. 

The foot of the armour will accordingly acquire the 
kind of magnetism which exists in the correspondtng 
part of the magnet, that is to say, boreal magnetism. 
By a similar mode- of reasoning we may prove, that 
contrary eflects take place with regard to the other 
armour. 

. Now the leg acts in its turn, by an austral magnet- 
ism, on the boreal pole of the magnet, to attract there 
a new fluid; an effect that is but weakly balanced by 
the opposite action of the foot of the armour, which 
is at a greater distance. By a necessary consequence 
the foot will acquire an increase of force ; and it is, in 
general, to this combination of reciprocal actions that 
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rjemainder of the ijiickness, would produce there • 
magnetiun similar to that of the same pole, and of 
which the reaction on that pole would oppose iuelf to 
die principal effect. There is therefore, a certain dc^ 
greeof thickness that gives, relatively to the leg of the 
armour, the mmximum of magnetism, oontraiy in kind 
to that of the adjacent pole, and relatively to the foot 
tbenu uimmm of magnetism similar to that of the same 
pole. The artist who would direct the construction of 
the armour, so as to give the greatest possible perfec- 
tion to the magnet, must ascertain that degree ; which 
he can only do by trials — as it were, by continual 
grc^Mngs in the dark (i ). 



4. MagnetUm of the Terrestrial Globe. 

677. The natural phenomena of magnetism, com- 
pared with those of electricity, exhibit one of the 
most striking differences between the modifications of 
ihe fluids which produce these two classes of pheno- 
mena, in other respects connected by the most promi- 
nent analogies. Those which belong to electricity 
are not Tcry apparent but in local and variable cir^ 
cumstances, and have birth commonly in the midst of 
meteors, which have themselves only a transient ex- 
istence. Magofibtism exerts an action that is universal 

(t) Kirtker, in hb book de M^^giute, tayt, that the bcft wy to wm % 
l oKbt o n e, is to drill a hole through it, from pole to pole, in which ia to be 
placed a fted rod of a moderate length : this rod, he asserts, will take tip 
nore wei|^t at tiie end^ than the stone itKlf when armed in Ae common 
way : and Gassendus, as well as Cabcus, presciibc the same way of arming. 
But Mnsdienbroek found by repeated trials, that the usual armour, sncli as 
described by our author, is far preferable to Kirchcr's ; and indeed instances 
are aothenticany recorded, in which such an armour has multiplied the na- 
tanl intensitjr of the loadstone^ a hundred* tr mn a liODdml and fiftj. 
tiiaesi— Tm, 
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and durable^ that relates to all determinate points,- 
that varies only by a slow and gradual progress, and 
that has its seat in the very globe that we inhabit. 
By its general nature it is become an unexhaustable 
source of observations, which are repeated in every 
portion* of the seas. On this subject, every navigator 
is a philosopher, and does not cease to fix an attentive 
eye on that needle, which his presence seems to ani-^ 
mate, and which can serve him as a guide in countries 
the most remote frcmi his own. 

578. Before we state the different opinions of phi- 
losophers as to the cause of natural magnetism, we 
shall explain what has been -observed relative to the 
position of the magnetic needle. When it is said of 
this needle, that if it be suspended freely it will turn 
one of its extremities to the north, this is only true in 
a general sense, that admits of a great number of re- 
strictions. If the needle be successively darried to 
different points of the globe, there will be some 
among them where its direction will coincide exacdy 
with a line drawn from south to north, or with the 
meridian of the place. But in other points it will de- 
viate from that Une, sometimes to the east, sometimes 
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soon as it shall have received the magnetic virtoe, it 
will assume a position more or less inclined with re- 
spect to that plane ; except in certain quarters of the 
^be. To tUs second deviation the name of inelina^ 
turn has been given. 

580. If we set out from one of the places where tha 
tteedle has no declination^ and advance either towards 
the north or the south, we shall pass over a series of 
points where there will in like manner be none: but 
these points will not be all on the same meridian ; thej 
win form an irregular curve that will have inflections 
different ways. 

581. Hallqr is one of the first who has undertaken 
to trace on a map of the world these series of points, 
where the declination is zero, and which have been 
denominated xme^ of no declination. 

Hitherto three such zones have been observed, 
which mariners have traced to latitudes more or less 
considerable. 

. 582. Farther, the declination varies with time in 
the same place, but the variations do not increase in 
the same proportion as the time ; so that the zones of 
no ^dination change continually both as to position 
and fignre. At Paris there was no declination in 
1666; but 12 Floreal of the year 10, that is, 136 
years afterwards, Bouvard found it to be 22^ 3' to- 
wards the west (A). 

583. It also happens, that the declination is some- 
times subject to interruptions, so that the needle ma* 
nifesdy remains stationary for a while. For example, 
at Paris the needle experienced no alteration from the 

(fc) At London the dedihation in 1580 wai 11^" cast; there im> 
dedhiation in 1657 ; and in 1793, that is, 136 years afierwards, the dcdio* 
ilion wn Mrij f4jo west— Tn. 
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year 17S0 t6 1724, during which it wis constantly mt 
13^ from the meridian. 

584. Observation proyes ako, that the Tariations of 
the declination compared with one another in difierent 
points of the globe, follow differcnit relations. Bat 
there is a fact extremiely worthy of attentioB, that has 
been remarked by the celebrated HalI6, on the mere 
inspection of the table of declination published fay 
Van Swinden, whose notice it had escaped. In the 
table, three places are pointed out, where the needle 
has experienced the greatest declination: and tibese 
are, first, in the middle of the Indian ocean, from 10^ 
to 15^ of south latitude, and from QQ,"" to h7^ of east 
longitude (reckoning from the isle of Ferro), where 
the variation, from the year 1700 to that of 1756^ was 
from ll^" to ll'' 15'. Secondly, in the iEthiopian 
ocean, from 5° of north to 20^ or 25° of sonth lati- 
tude, and in the interval of 10^ 15°, and 20^,:af east 
longitude ; the variation relative to this space, during 
the same period of time, was from 10^ to 10^ 45', 
principally under the line and to 5^ southward. 
Thirdly, at 50° north latitude, and between 17° of 
east and 10° of west longitude ; where again, in the 
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Bermuda islands. And here also we must remark^ 
that in the ocean between Africa and North Americap 
the variation is much less towards the American than 
towards the African coasts. Secondly, the environs 
of the isle of Madagascar, and part of the coast of 
Zanguebar. Tiiirdly, that part of the ocean which is 
to the south and south-east of the Sunda isUnds, be- 
tween those islands and New Holland. And lastly, in 
the same sea, about the 4th degree of south latitude 
and the 97th of east longitude, that is, in the middle of 
the space comprised bctwc^en the western angle of New 
* Holland and the southern point of Africa. In all 
these difierent places tlie declination of the needle has 
not varied, daring the whole 56 years, so much as one 
degree*. 

If similar observations had been made in the Pacific 
ocean, in the northern and southern oceans, and even 
the principal divisions of large seas, such as the Bal- 
tic, the Mediterranean, the Gulf of Mexico, &c. these 
places would probably have furnished similar points : 
and how greatly would the study of natural magnetism 
be facilitated, by referring a series of such facts in sub- 
ordination to a number of centres, round which they 
would range themselves according to the order of their 
respective relations ! 

> 585. The magnetic needle is also subject in certain 
{daces to a particular diurnal variation, the course of 
which has been watched by Van Swinden with that 
constancy and attention which characterise this ex- 
cellent observer. The law of this variation is such, 
that in general the needle deviates towards the west 
in the morning, till the hour of noon, or a little after; 
to return again in the evening towards the e.'ist. 
This double movement is subject to four modifica- 

• Encyclop. IV'^tbod- ; Medicine, v-coud part, vol. I. p. 419. 
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tions. The first takes place when the needle advances 
progressively, during the morning, towards the west 
till it attains its maximum^ and then retnms in one 
direction only towards the east during the evening, 
thus performing a single period, which may be repre- 
sented by the initial letters, W, £• In the second 
modification, the needle first approaches a little to- 
wards the east in the morning ; and this little motion 
is succeeded by the ordinary period ; so that its com* 
plex course may be represented by e, W, E. The 
third modification is that in which the usual period is 
followed, towards the close of the evening, by a small 
movement towards the west ; the total motion being 
in that case represented by the initials W, E, w. 
Lastly, the fourth modification partakes of 'both the 
second and the third; and may be expressed by 
r, W, E, w*. Thus, therefore, the needle performs 
continual oscillations, whose general result is such, 
that the sum of the motions that take place towards 
the west prevails over that of the motions in the con- 
traiy direction ; so that the declination westward con- 
tinues to augment. 

586. Nor is this all ; for these variations, which, in 
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often when ao aurora borealis appears ^. But the im- 
mediate influence of these phenomena, considered at 
causes of the perturbation of the needle, has not 
hitherto been ascertained. 

587* The inclination of the needle has also its vari- 
mtionsy which are especially manifest on a change of 
latitude. At the equator it has scarcely any variation, 
so that all the points where the needle is exactly 
parallel to the horizon form an irregular curve that 
cuts the equator at very small angles. In proportion 
as we depart from this circle, towards either pole, the 
inclination increases, so that the extremity of the 
needle turned to the nearest pole continually sinks 
below its first position. The greatest inclination that 
has yet been mentioned is one of 82 degrees, observed 
by Phipps in 79^ 44' south latitude, and 13 P longi* 
tude. At Paris, in 1787^ the inclination was 71 de- 
grees : but it also varies with time in the same place. 
To remedy the effect of this variation, at least during 
a certain number of years and relative to the same 
point of the globe, a greater weight is given to one 
half of the needle than to the other, in such propor- 
tion, that the force drawing one end of the needle 
downwards may be compensated by the superior 
weight of the other end, and the needle thus be able 
to preserve an horizontal position. 

688. From the whole of these observations, philo- 
sophers have concluded that the terrestrial globe per- 
forms the office of a real magnet. Some have even 
attempted to ascertain the cause of its magnetism,* by 
means of certain hypotheses which we shall presently 
state. But previously to this, it will tiot be entirely 

* Re^uell de M(§moIres sar PAnalogie dc r£lectricit6 da MtgnetuflM^ 
Van Swindeo, vol I. p. 466, and toL III. p. 187* et se(}. 
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useless to explain a few particulars relati^re to the 
general idea, that the globe acts in the manner of 
magnetic bodies. 

Let us imagine for a moment, that the two centres 
of action, which result from all the forces es^erted by 
the globe, have fixed positions on its axis, at equal 
distances from the poles; and further, that their 
actions are respectively equal (/). 

On this supposition, a magnetised needle will con^ 
stantly take a direction that will coincide with the 
meridian of the place where it is ; that is, there will 
"be no declination in any part of the globe. If the 
needle be taken to the equator, it will assume a direc- 
ticMi parallel to the axis ; in other words, there will 
then be no inclination. 

Let S G T F (fig. 78) be the circumference of one 
of the meridians, S T the axis of the globe, and B, A, 
the two centres of action. Suppose the needle, to be 
placed above the point O at the distance of 90 de- 
grees from S and T ; it will evidently take the direc- 
tion a b, parallel to the axis. 

But if the needle depart from the equator, for cx- 
,T]iiip[t\ tti!v^nTi:n rlu- iKn-fh. S. it will take an incHnSi 
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in the line J b', paraOel to S T, but in the line a" if ^ 
the obliquity of which will continually increase, as the 
needle approaches the poleS; where it would cTen 
have a limit, the direction of the needle forming there 
a right angle with the axis S T. By which it appears, 
that the different positions which this needle would 
take in moving from the equator to the pole, would 
form a curve analogous to that we have mentioned 
(557) when analysing the action of a magnet on the 
needle, which received a slight continuous movement 
according to the tangent of the arch before described. 
• 569* But the supposition we have been making is 
<mly so far applicable to the mode of action of natural 
magnetism, as the modifications which the results of 
observation require are given to it. Things take place 
here ai if the different points of the globe had almost 
aU their particular poles. Its inclination no longer 
follows the same law, as in the case where the mag- 
netic axis was confounded with the axis of the globe, 
and had its centres of action equal in force, and situ- 
ated at equal distances from the poles. In short, the 
magnetic axis appears to change of itself its position 
with time, relatively to every point of the globe. 

59D. If we leave out of our statement the hypo- 
theses which, to explain these discordant effects, have 
leconrse to Tortices of magnetic matter, that turn 
round the globe, entering at one pole and issuing out 
at the other, and the hypotheses of effluvia, which, 
departing from the equator, proceed towards the poles 
by contrary movements, there will remain two dif- 
ferent opinions, respecting the cause of natural mag- 
netism, for us to consider. 

* If ^.(fiActkn of thklin^ were jMnlld to the boriwn G F, of the 
point Zt with whkdi the ueedle corretpomds, there would be no iocUnation : 
^it really the case m lome places, Vat CYery-where else the needle sinks 
tbwiidi the honaon oCtbe place. 

V9L. It. \ 
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Some philosophers have had recourse ta the infiu* 
fnce of magnetic mineai, which they suppose to b# 
very abaadanfc near the poles. The diversities ths^l 
^le obierved for an instant only in the declination an4 
|iicli nation pf needles situated in difTerent paru of th« 
glohe, they ascribe to the irregular disposition of 
ihe masses of which these mines are formed ; *nd the 
fucc^sive changes which the mines undergo, fronj the 
influence of di^^ers causes, that alter or destroy their 
tffect in one place, while they revive it in others, oc*, 
caEio% they suppose, the declination and in<;Un^lioi| 
to vary, in their turn, with time, rclativf tp each par* 
ticular place* 

HaUey, ^ptnus, and others, without denying 
the influence of magnetic mines on the direction of 
needles, have regarded it only as a secondary power^ 
and have supposed the principal force to proceed from 
a large magnet, of a globular figure, or ntarly so, 
forming as it were the nucleus of the terrestrial glpbe, 
Halley also imagined this nucleus to have a very slow 
motion, by which its position as to the globe was con-p-, 
tinually changing ; which tended, in his opinion, to^ 
explain the variations occasioned by time in the de^ 
clination and inclination of needles, relative to the 
same place. 

59^^ ^pinus does not admit of this motion, wUictv 
appears to him to be imufheient for the purpose in^ 
tended, and even perfectly useless ; to reconcile the 
phenomena to the hypothesis of the fluid nucleus, he. 
observes, first, that if the fluid were distributed uni-^ 
formly in this nucleus, so that its two centres of actions 
having equal force, might be situated, in regard to tha 
axis of I he earth, at equal distances from the centre, 
there would be no declination at any point of the 
globe; while the inclination, disappearing only at the^ 
equator^ would increase towards the ptle?, QOAf«^rai« l 



M^p^eOm jffii9 Globe. 1X5 



M^towamthm iepkn^g vfaa, change of 

But die diilrilnttkm the fimd knot legnkr In' 
iht ilfirinr of the nucieai. Is tooie pom the occti* 
nraktioii of fluid ii greater, m othert leii; and it 
fioOowt firom this, that the podtiont of the centret of 
ae^QB diaBge coiitiiiaaHy m regard to a needle taken 
to dii fe f c at points of the globe. If the point to which 
Itm neMt reaDj answers is so situated, that the re- 
snhant of all tba forces, which act difiSnently at dif« 
Caent points of the magnetic nucleus, is parallel to the 
ans of die earth, there wiU be no declination ; and 
aooording^y as this resultant shall form an angle with 
Ike msoB of earth more or less obtuse, the dedina* 
tnn Itself win be greater or less. 

In another Tiew, the distribution of the fluid changes 
with thne in die interior of the nucleus ; and by these 
diaoges, diose which the declination and inclination 
experience in the same place, are determined. 

508. Widi regard to the diurnal variation observ- 
fldbk in the declination of the needle, Mr. Canton has- 
nppooed that it may be explained by the diniinution 
tf attmcdw force which the solar rays must occasion 
m the magnetic nucleus of the gkbe. This diminu- 
tion taking place in the morning, relatiye to the 
taslem parts of die globe, the needk, less attracted 
diere, must decfine towards the west ; and in the latter 
fart of the day the contrary must be the eflect 

594. An experiment made by Lahire has given fresh 
eokor to the hypodiesis we have been speaking of. 
Thk philosopher, hai^g shi^ied, in die form of a 
4here, a natural magnet diat weighed nearly a hun«- 
imi pounds, and determined its axis, by die position 
of tl|e magnetic poles, traced on the sfrfiere an equa-' 
tor, and a certidn number of meridians. He dien 
lasde a mpgnetkad needk to correspond successively 



uith the diflerent poiDtt of that magnet, and he re* 
marked^ that at some of those points it took a direct* 
tion precisely from pole to pole, and in others declined 
diher to the right or the left, the greatest declinatioa 
he observed being about 26 degrees. 

595. Such was the state of our knowledge as to this 
subject, when Coulomb, on whom the task seems to 
have devolved of estimating those very small forces 
discoverable only by the most ddicate attention ^ waf 
led, by similar experiments, to unforeseen resultSj that 
have diffused new light over this branch of philoso- 
phy* This excellent philosopher took two magnetic 
bars, which he so disposed on a right line that their . 
opposite poles were about 25 millimetres from each" 
other. In the intermediate space he placed succes- I 
sively a number of small cyli riders » made of different] 
materials, and fro|n seven to eight mrilimetres in 
length. Each cylinder was suspetided freely to a silk^j 
thread, such as it comes from the wlk-worm. Con- ] 
lomb observed, that this cylinder, of whatever mate- ' 
rial it was composed, always arranged itself exactly I 
according to the direction of the bars^ and if it were! 
moved out of that direction, it invariably returned to 
it again, after a certain number of oscillations. Gold/] 
s^ilver, copper, lead, glass, chalky the bones of animal v 
and different kinds of wood, were tried, and all theseu] 
bodies felt the action of the magnetic bars *• 

Two ways suggested themselves of explaining these] 
phenomena: the first by supposing that nil the ele-f 
ments which enter into the composition of our globe 
were by their nature susceptible of the magnetic vlr-l 
tncj but that in most bodies it is so trifling as to hp^\ 
nearly nugatory ; and has scarcely been observed ex- 1 
cept in iron, which possesses it in an emiueat degree^ j 
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^^lt other explanmtioQ tuppoeed that die magnetic 
action exerted by the bars, in the experimentf we 
have jcitedy was owing to molecuhe of iron pervading 
in an imperceptible manner the difierent natural sub- 
stances, and cdoding the strictest investigation of che- 
mical analysis. Coalomb, who was favourable at first 
to the former explanation, appears to have wavered 
since between the two, and has devised a set of ex- 
periments, which he has in part already executed, the 
object of which is to measure the action of the bars 
on the different bodies, and ascertain, rdative to the 
mass of each, what quantity of iron must be dissemin- 
ated in its mterior, to produce the number of oscilla- 
tions made in a given time. 

However that may be, the fact we have stated ik 
the more interesting, as it leads us to consider the ter- 
restrial globe, taken in its whole pxtent, as an entire 
magnet, the force of which is the aggregated amount 
of all those exerted by the moleculse that enter into 
its composition. This fact being once fully estab- 
lished, with regard to all terrestrial bodies, would ad» 
vantageously compensate for the hypothesis of an in- 
dividual magnet nucleus, which has the air of having 
been invented by naturalists rather to support their 
own theories, than to give a fair represenution of 
nature (m), 

(m) Profiettor mtter, of whom we hare ipoken in the notes on Oalftn- 
uov has recently communicated to the Royal Academy of Scienoes at 
M anich, an accoont of a aeries of experiments leCuring direcUy to the 
nature of masoetism : from theie he infers that the terraqueous globe is a 
graat magnet he also shews a remarkable connection between mignetism 
jmd Galvanism which we cannot forbear mentioning here. 

The following are the results of the experimenu of Bitter, as abadgid by 
Fxoteor MOlinin his Magann Eocydop^diqim for May kst (1806). 

1. £Teiy magnet is equxvalent to a pair of heterogeneous metals anitcd 
toge&er; its different poles represent as it were different metals. 

S. like Uiem, it g^ves eleciricity ; that is to mkj, one of the two polei^ the 
pottSiTC electricity, and tht odier the negative. 



ihall Ineiiurlc here, that M, Prevast had previ- 
ously asserted^ that to explain oattiral magnetisin, it 
was not necessary to have recourse to the supposition 
ef a particular nocletig* It is sufficient^ according td 
this naturalist, that the decomposition of the fluid, 
which is only effected in the interior of the iron, by 
means in our own power, may have place even out of 
that metal from natural causes more powerful than the 
agents of art^ and whose permanent influence would 
keep the two poles of the globe in two states of oppo- 
site magnetism 

596- On the hypothesis of all bodies possessing the 

3. By ft^Uowjng the lame ptoc»s, & ceitun iramber of Tn^aeti, ts wdl 
^ a ccit^m aiunber of pain of meUls, afforded eleccncitj ; and In thiA 
masmct the cl*ctriciti« aiFordcd by tlic poles of dififereat magnet?, hav« 
"been auccessfidly indicate hj the electrometer* 

4- By means of these electHdties, one of these batteiiei ftf isagnets, aci 
cordmgly as It ia more or less *cron^. produfxt opti dead and Qviiig hodieii 
all the pheaomr»a which produced by & Voltaic pUe of the usual kind^ 
and of the same force. 

5- The experimenti which prove thii, shewj that in magnetiEied iron the 
«Ofith pole ^?es positive electmrityj and (he notth pole negative electttdty i 
bat that on the coatrary m magnetised steely the north pole aiTord^ the po^* 
tiv^ eiedtridty, and the south pole the ne^tive. 

6. The same invert dijpoaition ts also observed whh regard to the polar 
ioydabiiity of the magnetised body in which this change if produced by 
magnetism. Xn magnLHised iron the south pole h most o^ydabte, and the 
north pole least ; whereas in magnetised steel the north pole is most oiyd* 
ablci and that of the south leaiit 

T* Mr* Ritter thtnfcsi that by considering the earth as an immense mjkg- 
netj tbeve Tesolts might serve to explain various phenomena of naturci nicb 
as tbe physkal difference between the two hemispheres^ the «urora boreal l^i 
and the aurora anstralls. In fact^ aiter what has been just stated, the eartlti 
considered as a magnet j may be taten as an equivalent ta a vast Voltaic 
pile whose poles arc on one side sufficiently cjosed by the waters of the 
ocean. And the action of this pile must have produced the greatest chemical 
changes in the materials of the earth i changes which will have diflered 
according to the polea ; and of which pile the p«ks at the other extremity 
have always such an abundance of elect rtctfy as to cause its spkndoni fo 
appear by radiations in the heavens,— Tn. 

# Xh: I'OngiDe dM Foxcei Mffgaetiq^eS) p, fOOj et 9^%^ 
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ftofmif' ■lagiietbn^ whether of ihenuelvcs, or by 
nrtne of fermginoiis moleciihD dittemimted ia their 
iirtieriory the actkmt retolting firom this property would 
ngrenirily be Tariable, from the different nature of 
ttoee bodies: and it i^>pears as if the same effect 
Mght la ioUow here» as on the supposition made by 
Cpite^ of an anequal distribution of the magnetic 
fluid in the nucleus supposed by that philosopher to 
Ik aeifad in the oantire of the globe* And it wduM 
tbfeltefore be difficult to conceivei that the dcTiaiions 
'fjf the magnetic needle should fbDow e law capable of 
beijag esoertained by us. Yet some philosophers have 
imagined themselres to have disooTeved this laW| and 
have referred it to a Icind of jHrc^pressioni which the 
quantiQr of declination rehitire to every point of the 
^be ought to affi>rd. They have even gone so far 
ips to pretend, diM the declination might serve to re- 
solve tlie problem of the longitude : but we are, a* 
yety fSur from possessing observations eidier sufficiently 
muneroos or sufficiently precise to know whether the 
Iraristioas c€ the magnetic force are capable of being 
represented by any formula; and we may truly miy, 
that in this respect the science of magnetism is not 
yet matured sufficiently to admit of tlie application of 
geometry (n). 

fyi) MasellKpMtfAtioaorM.lUay'iTVMiK^aBKa^ 
IhltMl tM FicDdi Natjbiud Inrtknte by UmmkulM rad Bkt, « Oh the 
YrtadoBi »f the TmmM MtgiMtiiii m dMapcat hMtaOtt.' Tbes^pU- 
fc Si phUf i iMrre firR deienSiiifld tte poiilioa ti tte iai|oetio eqnMor by 
ebset iiUffwHttUf whidi hsd qcvct boco dtoe belbriy ^^i^ hvn riio 
|m«4 thkt tlie SMgnetic famt iooreMet in prnrnr*n Am tiMt cqutar 
Si^OepOlSli «i Isidy, they ham ghrea « wirtifilfad hypothcini which 
Hkflft redMd I* ft Ibrmds aooocdi with aUthe iaeUaiitiDiisof teiiBedk 
Vtherto «St«nred. Fa regtfd to th6 d«diiuUkNi intauitj, tMy IMy 
toniiBM thai they «re entirely unacquainted with their laws and tlieir 
IMkei^ 

% Ast»liieptilti9Bor tbeasgiitfikeqiiatar, iS|ip#lgitl»h<ri^|Nait 
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It it possible, notwithstanding, to ext>Iain in a ge« 
neral way, by means of acquired knowledge, many re- 
markable appearances that magnetism exhibits. We 
shall begin with such as relate to needles that are 
themselves already in a state of magnetism ; and shall 
then proceed to diose which depend on the action that 
the globe exerts on ferruginous needles and rods, by 

cSfde of the terrestrial sphere, to hypothesis which is confennoMc to ob- 
•enratioiis: the iodinetion of this plane to the astvoBomiGal eqaatn* is 
equal to 1S*^5» of the dedmal divisioa (lO^ 58' 56" of the oommoQ da- 
visbo), and its ooddental node on that equator h at 153-3719^ (IfO^S' 5^ 
longitude west from Paris» that is, a little heyond the condnentof Ameilcay 
near the Gaffipagot in die South sea; the other node b at 06*6Sai* 
(59^57' 55^0 eastward of Pans, that is to say, in the Indian aeas^ The 
points where the axis of the magnetic equator pierces the earth*a surftce, 
are, the northern point at 87-7976« (79<» 1' 4^0 of north htitode, and at 
33-3719^ (30* r 5") of longitude west from Paris,— the soodiem pomt is 
ntuated hi the same latitude sooth, and 166'6S81* (149« 67' 55») of loog^ 
tnde east ftooi Paris. It is remarkable that this determination of tiie mag- 
petic equator agrees almost perfectly with that given 40 years ago by WUke 
aqd Lemonnier. Can it be by chance that these elements found so long 
ago shotdd accord so well with those determined firom reoent obseiTations? 
Or, does die inclination of the magnetic equator experience only Teiy snaH 
variations, while all the odier symptoms of terrestrial magnetism change so 
rapidly ? Humboldt and .Biot indine to the latter opinion ; and this because 
the inclination of the magnetic needle has changed at Paris only 3^ durin/^ 
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performing, in regard to them, the same fanction xf 
ordinary magnets, to which other bodies of the same 
kind are presented, that were previously in the natural 
atate. 

To iq>ply the theory, nothing more is necessary 
here, than to suppose, that a given point of the sur- 
face oi the globe has a particular magnede axis, 

imdle eiapfcijc i d in ooe of hit pmiootMrial eicanioot, ke fimd that Hi 
tendeocy Id letam to llw i— ywlVi seri<yui wm cPO Hi tly •troogv lH 
'tiKMe monaUim thao it was at befoia hit departnrt, aad than U hii 
been since hb return. This needle, which made at Paris 83-9 »«^"s%ct 
in 10 Mrfiivtfes of fine, gave otdDadoos as below at Uie placet menfiaoedt 
jb the taM bUcrral of 10 Huimtet: iris. Parit, befeie dtpaiture, 89-9^ 
Taraip ar^S; oa moimt Qwknt^ 88*«; Grenoble, 97*4; Lyons, 87-3; 
Ooneva, 86*5: Dyoi^ 84*5; Paris, after his return, 83*9. It appears |» 
tetoh from these obtenrations that the action of the Alps has a peroepcihk 
Infl^ii^TK* on the Intennty of the nagnedc force. Humboldt obsenred ana- 
logow efelsat.tbe bottom of the l^ricn^ for faMtanee, at F^r|ignA It 
ia sot ntpcobabfe that diey arose from the mast of these moontuni^ or 
tetr^jaaauk matters contained in them : but whatever may be the canse. It 
is hence maiiife s t that the general action of terrestrial magnetism Is senaib^ 
raocfified by kcal drcumstances, the diflerenoes of which may be percebef 
ia pboet wy llde distant from each other. 

3b In Older to determine the kw that regohtct the faidinatfan of <hs 
peedlc^ Btot toppoted in the axit of the magnetic equator, and at eqoil 
distances from the centre of the earth, two centres of attractive forces, the 
«oe austral and the other boreal, so as to represent the two opposite mag- 
jwtic poAea of the earth : he then calculated the effect which ought to residl 
from die action of these centres upon any point of the earth's tur<aocb 
amwning tiie attractiTe force in the reciprocal ratio of the tqoares of the 
^stances : he found that hb resnhs approximated mure and more to the 
truth in proportion as the distance between the magnetic poles was assumed 
less ; and indeed, by suppodng those two poles or centres to coincide, or 
tiie inrilnation of the magnetic qeedle to be produced by an indefii^telj 
small nmgnet placed in the centre of the earth, hb theorem gave the same 
mnabert at had been observed by Humboldt both in Europe and in Ameiiea, 
at wdl at what bad been observed in Russia, Lapland, and various other 
placet in both hemispheres: the results of theory being classed with those 
of tbs ci i a t k ms In a comparative table, which dearly evinces their near 
ooioeldenee. Let ubethe angle indnded between a radhis drawn from the 
cntii*s centre to' any assumed point on its surface and the magnetic axis, ^ 
/l^iPl^iDonpreheaded between the line cohidding with the lea] poiitioa 
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^ whose centres of Hctian are ftt an extreme disf&nee 
from that point. 

597. Let us conceive AB (fig* 79) to be the tnsg- 
netic axis relative to the point o, situated in the sciine 
vertical plane, and that there is in this point a mole- 
cule of austral fluid : that Huid will be attracted in 
the duection o B by the boreal pole of the niagnetic 
axis^ and repelled by the austral fluid according to the 
Hue Ao. Let ui represent by 01 the quantity of aU 
fraction, and by r a prolongation of A the quati* 
tity of repulsion, and then complete the paraUelograin 
erks: the molecule will tend, by virtue of the two 
forces that solicit it^ to move in the direction of the 
diagonal ok of that parallelograin. Let us suppose 
in the same point 0, a molecule of boreal fluid : hy 
means of a similar construe tion, we shall have the re- 
pulsion which the pole B exerts on it repretsented by 
eZf a prolongation uf Bo, and equal to oi; and the 
attraction which the pole A exerts, by ox, equal to of. 
Then if we complete La the same manner the paral* 
lelogram 02 Ax, the motion of the molecule of boreal 
fluid will be according to the diagonal A, which is 
evidently a prolongation of the other diagonal, and ii 

•f the nefdle and the iaid magnetic axis^ and I the inclinatitm «f the o«dfa 
with the faoriEPn of the place j tktn wc have 

L tan- ^= ;r — -r : 

^ cos, 2 ii + i 

wlience j3 icadtlj detennuied ^ and then wc ihall Mim the mdmati» 
me&os of the foltowmg 1 

IL I=50^+tf-|3. 

^till It must be ohwrved, that though these forrauls git en by ESot, (m- 
Bished m gecieraL resuUi very near the tnilh ; yet when he »tt«mptL-d to re-. 
l^reseDt the indmacionB m differ eut Utitudei by the lupposilii/n ot m magii^t 
infinitely smai/, very near the centre ot the earth aiid perpendicular to the 
magnetic equaLor, he did not pretend to coniider the hypotheiit na anj 
thing real^ ^ut toidy aa a matheiuattcal abstiaciion lut-lul tn connecting the 
lejults, and teadtn^ ^ ucciUk k futuce wh«tLer «ny chattel CAUt,-'*Ti< 
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beddM equal to it; so that die two moleciiUe will tmd 
to paii tfai^oiigli tlMne two diagonals in the same time. 

If we oottsider die action of the poles A, B, on other 
molecolis of the flmd near the molecule and situ- 
ated in dtt flane Bo A, it is easjr to peroeite thai 
Aey wffl be solicited so as to move in directions pa* 
taUel tokk. It is in consequence of tins, that» the 
jKiles A, Bf being at an almost infinite distance (Vom 
the moieenlss compared with that of die molecuha 
fiom one anodier, the diflbrent lines in which the 
SMstions of the two pdes exert themsettes are supposed 
to be c(mfbnnded. 

We hence concludci that if a magnetised needle be 
ilaoed in the direction it A, it will continue immove^ 
•bie there ; and if it be afterwards placed in a differ* 
eat direction, but which has a common point with the 
fine khf tm soon as it shall be fiee it will resume its 
first position. 

' In this position it is evident, that two points of the 
needle situated>|it equal distance from the extremities 
are equally attracted in a contrary way by the actions 
fit die two poles ; which we know to be coilformable 
to the observation that tells us, that the forces which, 
in its freely suspended state, attract a magnetised 
needle towards the north, are equal to those which 
solicit it towards the south (543). - 

596. Let us suppose that the needle at (fig. 80), 
bemg first in the direction kf A', the same as that of 
A A in the preceding figure, it were made to assume 
another direction, gu, so as to form still the same 
angle with the horiaon. Let us imagine a plane pass- 
ing through the lines ai, gu; and let ns draw ffom 
the point gf in the same plane, the line ig, parallel 
and equal to oA*: the line ig will represent the re- 
aidtaat of the forces which act upon the point g to 
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bring It towards the point a. Now the force answer* 
ing to tg, is resolvable into two others, the one, ip^ 
parallel to og, and the other, te, perpendicular to og. 
Therefore, if we complete the parallelogram ipge, 
the line pg will represent the portion of the force ig 
that acts directly to impel the point g toward 
point a. On the other hand, let / u, parallel and eqoal 
to hf, be the resultant of the forces that exert them- 
selves obliquely on the point «, to bring it towards ^. 
By means of a $imilar decomposition, the line u t, per- 
pendicular to Qtf will represent the portion of the 
oblique force / u, the effect of which is to impel tbe 
point u towards the point b. 

Now, since the forces which act on th^ needle, all 
concur to make it turn the same way, in order to re-s 
gain its first position, we may consider them as being 
applied to the point g of the needle, by doubling, in 
idea, the intensity of the actions answering to ig and 
ie. In this case, ig will represent the resultant of all 
>^he forces by which the needle is solicited, taken pa« 
rallelwise to the direction a 6, which coincidep with 
the magnetic meridian ; and if, or pg, will represent 
the directing force. But it is easy to perceive, that 
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599- Whftt we haw just said, may senre to re- 
etacile an ^[ipiarent contradietion exhibited by the 
tfcCioii of the globe compared with that of ordinarj 
nagnett. If we put a magnetic needle on a thin 
of*c6rk, fo that it may Mrim above the tnrface 
of the water, in a yestel sufficiently large, and place 
at certain distance a magnet, even of a moderate 
force, that has one of its poles turned towards the 
tessel^ the action of this magnet will produce two 
effects: first, the needle will so direct itself, that if it 
be the boreal pok of the magnet that is nearest the 
vessel, it mil torn its austral pole towards the magnet; 
and as often as the position may be deranged, no 
sooner is it left to itself than it will return to it. At the 
mme time, it will advance to the edge of the vessel 
to approach as nearly as is possible to the magnet. 
Now, if we repeat this experiment towards the north* 
for example, by leaving tlie globe alone to act on the 
needle, the needle will be in the state of a magnet, 
that has a stronger action exerted on iu boreal, than 
it has on its austral pole ; the needle also will direct 
itself so as to turn its austral pole towards the north, 
and if its direction be changed, it will spontaneously 
resume it ; yet it will make no motion towards the 
north, bnt will remain stationary on the water in the 
place where it was first posited. 
• This diversity in the results of the two experiments 
proceeds from the circumstance of the centres of 
action of the ^obe being, as we have before observed, 
at .an almost infinite distance from the needle ; whence 
it follows, that the difibrence between the forces acting 
on the needle, to draw it two opposite ways, is evan* 
esoebt as to sense ; and accordingly the tendency of 
the needle to translate itself towards the north, which 
depends on that difference, must in like manner be 
nugatory. Now the same circumstance does not take 
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pbce, vthm a magnet is employed, th^t %cU on the 
poles of the needle at dmtanc^s that may be compared 
with one another : in that case, the difference between 
tlie two ^tiQns becomes appreciable, aad there results 
fifom it a boreal actiQa, that determines the ifeedlc to 
advance towards the magaet. In another view of the 
iubjectj we h^ve s^en^ that the globe exerts on a mag- 
netic needle, g u (flg, SO), to restore it to iti first dl^ 
lection, conspiring forces, as t and iui and here the 
greatness of the distance does not prevent those forc^ 
from preserving a sufhcient degree of intensity to 
produce their effect. 

We have now to consider the phenomena in which 
the CQmparison holds between the globe and such 
magnets as we can manage, relatively to the faculty 
possessed by the latter, of communicating the mag- 
netic virtue to iron placed within their sphere of acti* 
Tity. Juat so, the action of the globe, which extends 
through space to immense distances, is capable of pro- 
ducing a certain degree of magnatism in iron rods and 
other similar bodies, whose coercive force is not tuf* 
ficient to resist that action, 

600. Let us here call to mind what has been said 
(597) of this same action on iw o molecul®, one of a 
boreal, and the other of an austral fluid, to make the 
first move in the direction ok (fig. 79), and the second 
in the direction o h. As the communication of mag^ 
netism is ascribable to similar movements taking place 
in all the magnetic moleculae in the interior of an iron 
lod, it is evident, in the first place, that the most fa- 
irourable position for the rod to acquire the highest 
possible degree of magnetism, is that which coincides 
with the direction k A. If we next suppose that the 
rod, continuing in the same plane, B o A, takes an- 
other position, such as (fig. 81); and if we con- 
sider the lines okf oA, which coincide with the same 
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4ir6cd(HH «t the resoltanu of the force* exercised by 
globe, wbea the position is most edvantegeoust it 
vjU be necessaiyi ia the present case, to decompose 
Afi foroe oIe ia two directions, one kx perpendicelar 
iQOtpi, which does not contribute to the effect, the 
otlie^^jr, coincidiag with om, and representing the 
xmH foioe; that is, that the force o i be diminished in 
the proportion of ok to ox. If we decompose in like 
lalaimer tjhe force in two directions, one, hi, per* 
pftndicwiy tqeny and the other, o/, that confounds 
itwlf iqdfi d|M Ime, q I will represent the force acting 
eitvm to produce tlie effect required. 

in proportion as the rod sh^Jl remove from the pQ« 
sitign mfi, bj assuming the direction pr, which fonna 
^ stiU Bdore obtuse angle with the first, the quantity of 
renl force, os, or og, will continually diminish; and 
when die rod shaD be situated on the line iz, thai 
forns 1^ nght engle with kk, the real force will be re« 
cUoed toinio. 

P^jo^d tiu9 term, if the angle which the new po* 
aitioQ of the rod forms with ft A be augmented, so, £or 
^example, that the new position may coincide with bd, 
the aewe effiseta will begin again; that is to say, if me 
the finea kf and gh perpendicular, one to ed^ 
the othcy toobfOf will represent the force which 
^^teprqmes the motion of the austral fluid towards 
am4 ag thal^ which solicits the boreal fluid towarda b. 

|f life rod be placed in a difierent plane, and not in 
BeAj(fig* 79)» it is easy to conceive that its most fa- 
VQunthte position, relatively to this second plane, will 
bf Ibait m wJbich iu direction shall make the smallest 
possible angle with the line k k ; and that the acquired 
^^agntttam will again be zero, when the jlength of the 
iftdf tqr mmainingin the same plane, shall form a right 
Mfk^wiAkk. 
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6DI. These different results may be verified tj ao 
experiment as curious and simple, as it is easy to per- 
form. You take a bar of soft iron and hold it in one 
of the positions in which it is capable of receiving 
magnetism from the action of the globe. The most 
favourable position at Paris, is that which has an in- 
clination with the horizon of about 72 degrees, be- 
cause this is the position that a needle would naturally 
talce, that should have its two halves of equal weight, 
and should be moveable about an axis at its centre of 
gravity ; but the vertical position will sufficiently an- 
[ «wer in the experrment. The rod then being situated 
m this manner, you present its lower extremity to the 
austral pole of a magnetised needle placed on its pivot, 
and you perceive that it repels that pole- You then 
lower the rod, still keeping it in the same direction, 
till its upper extremity be opposite to the same pole 
of the needle, and there attraction will be manifested. 
You reverse the position of the rod, and immediately 
the poles themselves become reversed. The extremity 
which repelled the austral pole of the needle attracts 
itj and that w^hich attracted repels it. Soft iron yield- 
ing but a very shght resistance to the internal motion 
of the two fluids, that disengage themselves from the 
natural fluid, the magnetic virtue it acquires is but n 
transient effect, that, by simply reversing the rod, 
gives place to a diametrically opposite one. These 
alternate and sudden changes from attraction 'to 
pulsion have an air of legerdemain, which tends to 
excite the suspicion of jugghng on the part of the 
philosopher ; so that the beauty of this experiment i:* 
in a great measure lost on the spectators. 

Similar effects may be j>roduced with a simple key, 
or any other body made of soft iron and that has an 



elongated form. 



But if tiic body have but little bulk. 
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you must nse a needle so slightly magnetiitdy that itM 
immediate action on that body does not disturb the 
action of natural magnetism, ^ 

We may vary this experiment in the following 
manner. Having placed the rod in a vertical posi*» 
tkm, let its lower extremity be brought within such a 
distance of the austral pole of the needle that the re- 
pulsion begins to shew itself, and no nearer. Keep 
the lower extremity of the rod in the same position, 
while you turn the rod gently round the same point, 
in a plane perpendicular to the direction of the needle. 
Presently the repulsion will diminish, so that the 
needle will approach towards the rod, and resume at 
last its natural position, which will be at the moment 
when the rod shall be situated at right angles with 
that direction. If you then continue to turn the rod, 
the needle will be carried towards it from the effect 
of the attraction that will succeed to the repulsion ; 
tfui by giving a slight degree of oscillation to the rod 
on each side of the position where its action was nu* 
gatory, we shall see the needle itself assume an oscil- 
lating motiiteiy by which it will alternately recede from 
and approach the extremity of the rod. 

602. iEpinus has remarked, that if we strike a num- 
ber of times with a hard body a rod of iron held in a 
favourable position, the action of terrestrial magnet* 
ma with respect to that rod is thereby assisted. The 
diocks, given to the rod by these percussions, occa- 
sion in its mass a kind of general vibration, that dis- 
places in a slight degree the particles, and, by dimin- 
ishing their coercive force, facilitates the disengage- 
ijMnt of the two fluids, and thdr motion towards the 
two «Ktremi ties of the rod. 

It it owing probably to a similar mechanism that 
we smcceed in magnetising needles that were before 

the natural state, or in reversing their poles if they 
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irere alrea<ly magnetised, by sHbjccring them ta i 
ftrong eleclrical cam motion* 

603 i Piiilosophers have availed themselves of t 
slight degree of magtietism which the simple actio 
of the globf produces in a rod, to solve the curiou 
problem J of being able to tmtgmthe steel bars even III 
saturation, withouf hnving had prevhfisftf ant^ magntt i 
their hands. Ii is merely necessary, first, to make ba 
of soft iron acquire an incipient virtue, by placin 
them in a convenient manner, relatively to the 

etic meridian of the place. Those bars are afte 
"Wards employed to magnetise otliers of a harder n 
"ure^ which is donf by friction on their surface: 
tiese again, in their turn, perform the same functio^ 
as to other bars ; and by a method similar to what w 
have mentioned ia treating of the commnnicatioii o 
magnetism (57 1)? the force of the bars in question it 
increased even to its maiimum, 

604. The prtcediug details may serve to explai 
certain facts, that at first were calculated to excite 
considerable degree of surprise ; such, for instance, 
the magnetism that is naturally acquired by bars o 
iron which have a fixed position over the summits of/ 
edifices. One of the first observations^ that has bee 
mentioned of this nature, is that of Gassendi, respect 
*ing the piece of iron that supports the cross over the 
clock of St* John's at Aix in Provence. Btit other 
philosophers since Iiave made the same observation 
relative to other bars of iron similarly situated. 

There is perhaps no region of natural philo^ophj 
tliat sliews so completely as the^ one we are contem* 
plating, how much the ideas connected with any 
science extend and magnify themselves, in proportion 
as that science, in the stages of its progress, advances 
towards perfection. A magnet was formerly consi- 
dered as a kind of wonder \ and now we learn from 
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obienratioD, that all those inttniments of malleable 
imi which we have perpetually before our .eyes and 
in o«r hands, are kept in an habitual state of polar 
BUI^etism by the influence of the terrestrial globe. 
Tbeir poles alone are variable, and reverse themselves 
eontkiuaDy from the changes to which these bodies 
«re every instant liable. With rq;ard to steel instnr* 
mentSy that, from th^ great coercive force, are more 
capaUf of resisting the action of the globe, to com- 
^Mmicate the magnetic virtue to them, even there that 
aetkm does not fail of its effect, when seconded by 
pvticular circumstances. Thus files, scissars, and 
other instruments, which are exposed to friction, 
Aocks, or percussions, capable of giving play to the 
mofecnlsB of which they are constituted, pass gradu- 
ally to a state of magnetism, and possess the power 
of rabing particles of filings and even of iron wire of 
a small bulk. 

Magnetism of Iron Mines. 

Mines of iron, diffused in the interior parts of the 
globe with an abundance proportionate to the utility 
of this the most precious of all metals, have been the 
subject of various observations, that furnish a con- 
firmation of the principles we have established, rela- 
tive to the manner in whicli the magnetic forces act. 

605. It has sometimes been observed, that pieces of 
magnet taken from the earth, and left in the same 
position in which they wiere found previously to their 
being extracted, have had their poles in a direction 
die reverse of 'what ought to have been the case, on 
^ the supposition of their havmg acquired their mag- 
netic virtue either by the action of a magnet placed 
in the centre of the globe, or by that of the globe 
itself, considered as performing the function of a mag- 
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net. To remove the difficuky that appears td fo1]o# 
^om ibis circumstance, it is simply necessmry to avp^ 
pose witli ^pinus, that there are natti rally formcil in 
mftgnetic mines comequtnt paintgj aoAlogoiift to those 
which are sometimes observed respecting iron taag^- 
BCtised by the ordinary proce^es (565). Hence we 
may perceive hoiv it happens, that, when we det^h m 
piece of magnet from the mine in which there are a 
series of consequent pciintt, the separation has tW 
effect of causing the poles, which terminate the de- 
tached piece, to turn in a different w^ay from those 
belonging to othei' pieces magnetised in the usual 
method, 

606, The ferruginous mine that has two magnetic 
poles, mineralogists have considered as a particular 
species, which they have denominated the fimgnwtic 
mim : this was the ferrmn attractorium of Linnsui* 
Among other mines, those which have not distinct 
poles, but the faculty merely of being attracted by 
the magnetised bar, they csM ftrrum retractonum; 
and those which do not yield to the action of that 
bar, ferrwH refractorium. Delabre announced, in 
1786, that the speenlar iron of Volvic. of Puy-de*. 
Dome, and of Mont-d'Or, had very manifcstJy twa 
poles * ; and we have heard of a similar observation 
tespecting an octaedrai crystal either of Swedish 
hron, or else of some other country : but it remained 
a subject of surprise to see so many other bodies^ 
which, although they contain a certain portion of 
iron in the metallic state, had remained so long in the 
bosom of the earth, without appearing to have par- 
taken of the action that bad converted the former into 
magaets. 

• J(Mipn*l de Vhj%. irB£, p. a 1 9, ft leq. Horn* dc Lisle hid ul^ the^ 
same thing before of i mijK of ipecula? mu it PhLIwiei^i»^ CrixUL 
III. p. IBT. QOte 35^ 
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407* We haye lately undertaken a terief of ezperi* 
mmu vich the view of throwing some light on thi# 
fidiiiC of natural philosophy ; but we considered, that 
tf m used a bar of a certain force, as is commonly 
domm to try the magnetism of ferruginous mines, k 
l&tght happen, that bodies which were only feeble 
nagneti might attract indifferently both poles; b^ 
^anse, if we were to present, for instance, the boreal 
{Mde of the body respecting which we were making ihf 
experiment, to the boreal pole of the bar, the foroe of 
the bar might destroy the magnetism of the otlier 
•body, and even cause itio acquire the contrary alate, 
mtach would change repulsion into attraction* We 
%o6k dierefore a needle that had iinly a very sUgbt 
d eg r ee of virtue, such as those used in mariners' com^ 
passes : and instantly every thing became a ma^et in 
our hands. The crystab of the isle of Elba, tbofe of 
Danfphin^, of Framont, of Corsica, &c. repelled one 
vf the poles of the small needle by the same point 
which attracted the opposite pole. We have found 
few exceptions to this ; and perhaps the bodies which 
are in diis state may have lost their magnetism after 
they were taken from the earth. This we ere led to 
presume from the facility with which they acquire 
polarity when placed in contact, only for a second or 
two, with a bar of moderate force. 

It is besides possible, that some crystals may havf 
escaped the magnetic action of the globe, by having 
been eo situated that their axis was perpendicular to 
die direction of the magnetic meridian of their natiiial 
idace.^ 

008. It occurred to us, that posnbty a crystal in 
die state of a magnet might in consequence of diet 
vejry state, appear to have no influence cm another 
magnet. To ascertain this, we substituted for the 
needle the bar that is comuMmly made use of, and 
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presented to one of the poles of this bar a crystal 
of the isle of Elba, by the pole of the same name. 
The bar possessing scarcely more than the force ne* 
Cdsfiary to destroy the magnetism of the pole that was 
presented to it, and restore that pole to its natural 
state, there was neither attraction on that side, nor 
sensible repulsion on this i while the same pole of the 
crystal presented to the other pole of the bar, made it M 
move* We thus see^ that liy confining ourselves to a ^ 
single observation, we might have drawn a conclusion 
quite opposite to the truth* 

We had still to dissipate a slight degree of uncer- 
tainty relative to the results of which we have been 
speaking. If a piece of iron not magnetised^ as a 
key, for example, be presented in a vertical position, 
or nearly so, to the austral pole of a needle that is 
magnetised, that pole is always repelled by the lower 
end of the key^ while the same end attracts the boreal 
pole * : this, as we have seen (601); is the effect of the 
magnetism which the action of the terrestriid globe 
communicates to the key, and which is so fugitive, 
that if we reverse the position of the key, the con* 
trary effects will immediately take place: but we 
could Mot say that the crystals subjected to experi*- 
ment weVe in the same circumstances as the keyj 
either because their action was constant, whatever 
position might be given to them, or that their situa- 
tion was such, that the inferior extremity repelled the 
boreal pole of the needle and attracted its austral 
pole. 

609. From these observations if follows, ttiat all 
pieces of iron, hidden in the earth, or at least most 
pieces, if they do not abound too much in oxygen, 
are natural magnets, which only vary in their degree 
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t Tlu* ejtpcnmcol U supposed to be made in Fr«Dct, or a like dimwit*. 
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jof ibiee betwisen widdy-extended limits: the Ioad« 
stone, of conseqiieoeey ought not to fonn a diitinct 
species in mineralogy ; for the mineral wkicfa is called 
by Aat name is only the first and most prominent 
stq^ of a series, where Nature works by shades, and 
where, .we may trace her to a very considerable di« 
stance, by employing means suited to the delicate 
gradation of these shades. 

610. We shall add a few details here respecting the 
two metiltic substances, that iq^>ear to be endued, 
like iron, with a very sensible degree of magnetic 
TOtne. One is nickel, that, in the state in which na- 
ture has hitherto exhibited it to us, is ^ways com- 
bined with arsenic or with iron ; in which case it pro- 
duces no motion in the magnetic bar. But this ob- 
servation proves nothing ; for arsenic has this singular 
property, that its presence, in however small a quan- 
tity, entirety conceals the action of magnetism. 

Beif;mann, who has made numerous experiments on 
nickel, perceived, that when this metal was refined as 
perfectly as was practicable, rt acted on the magnetic 
bar. The celebrated Klaproth, also, after discovering 
that the variety of agate called chrysaprasium owed 
its green colour to the oxydes of nickel, concaved 
that the portion of this metal which he obtained from 
that stone might be regarded as perfectly pure * ; and 
observing thnt the nickel in this state continued to be 
attractable, he was. strongly iiiclined to the opinion, 
Aat it shaved with iron the magnetic properties. 

Wc'are^liowever temptad to suspect, that nickel, 
even .when deemed pure,^ still conceals some ferrugin- 
ous particles, which all the powerd of chemistry are 
suable to extract from it. 

endeavoured, if possible, to remove this su* 

* 4asalet de Cbiinie, toI. I. p. 1^9, 



ipidoBf by fubjeetiDg to the test of ejiprrii c ar • 
thin piece of oidcel obtained by Vanqudinj the wijghi 
of which wai45eentignuiimes,oraboiit8gniBSMd|9 
iad the length 16 millimetres, which are neariy 7 fines. 
This plate of nickel acted first by attraction oa each 
pole of a magnetic needle ; bat by foUcradi^ fhfi f 
tbod of Coolomb (573), polariQr was easily gi^en to tl» 
so that it exerted on the needle Tery distinct attne!- 
tions and repulsions, and being suspended to a my 
flae silk thread, it immediately directed itself in Ao 
|dane of the magnetic meridian. It was obsemd, be> 
sides, that it supported an iron wirs^ that was a diiid 
at least of its own weight. Now the quantity of iron 
that must be supposed to be in the nickel, for it to 
produce particularly the last-mentioned effect, coukL 
not have escaped the very precise methods empkyed 
by Vauquelin ; which renders it extremdy probable 
that nickel possesses of itself the magnetic pn^icrtics. 
To deny this consequence, it must be affirmed, that 
the small residue of iron so adhering to the nickd that 
the subtilest analysis cannot separate it, constitntes a 
^gnet of extnuMrdinary force. And though there is 
nothing in this supposition that implies a contradic- 
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In hctp that other metals, as well as iron, should pos- 
aeft the faculty of retaining the magnetic fluid distri- 
hated in their pores, is by no means repugnant to na* 
tore; and ^is kind of prerogative, that was supposed 
to be granted to iron alone, ought to have been deemed 
the more singular, since Nature in general is not thus 
psrtud in her proceedings. 

611. We shall conclude with a reflection natmly 
vising from our subject. The magnet was long re^ 
girded as a source of amusement alone. In the ab* 
•ence of iron it appeared to be nothing; and yet an 
unexpected discovery has proved, that it is sufficient 
of itself to render the most important benefits to man- 
kind, and that, under the guise of a simple sport, it 
concealed a present, destined to be inestimably vah- 
able to navigation. Accordingly, since this discovery, 
all the resources of philosophic ingenuity have been 
employed to give to the needles of compasses the 
form best adapted to augment their energy, and pro* 
cure them a mobility that should render them more 
ebedient to the action of the terraqueous globe. And 
we thus see, that an object connected with the 
sciences, though it seems at first to lead only to idle 
speculation, ought not on diat account to be con^ 
figned to oblivion : it affords a species of knowledge 
calculated to sharpen the sagacity of the mind, and 
improve its reasoning faculty ; a knowledge that often 
throws new light on common facts and kindred tnit|;i8, 
and that partakes of the advantages of these last by 
enabling us the better to investigate them. Besides, 
it may in its turn contain some hidden principle that 
will at last develope itself, and the time we have be* 
stowed upon it may perhaps hasten the moment when 
it will no longer be unproductive of benefit to society, 
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612. Having investigated the different phenomof 
of the fluids diffused around us, and existing in the 
regions nearest to our. globe,, we shall now raise our. 
.thotighits to the cpiisideration ot lights which has iU 
source in the stars, and comprehends in its action die 
whole sph^ere of the universe* 

Th^ris no branch of philosophy more deserving 
of our study, whether we consider its beauty, or the 
multitude of phenomena it exhibits. The advantages 
we derive from the ^uid th^it enlightens us are suffi* 
cientof themselves to. excite the closest attention, that 
we may fully un^lerstaad its properties. If air, serv* 
ing as the vehicle of speech) enables us to carry on an 
.intercourse of thoughts with our feUow*creatures, how 
greatly is that intercourse improved by lights which, 
renders their image present to \is — ^their image, which 
has so many things to say ! The eye, more susceptible 



thb disadTantage, by faithfully exbibitiug our po^f 
traiHire bdiiiid refleciing surfaces, which have the 
quality of multiplying whatever is presented before 
them. 

Nor are these all the benefits we derive from its 
properties. Beyond the globes that shine over our 
Jieads, there are oUier luminaries which the eye caa- 
not reach on account of their immense distance, while 
near us exist a thousand organised beings that equally 
escape observation from their extreme diminutivcness. 
li^t, by bending itself in transparent bodies termin- 
ated by curvilinear forces, has enabled us to perceive 
diese two kinds of infinity, has opened to astronomj 
^ new heaven, and a new field to natural history. 

613. There is this advantage in the theory of light, 
that the coarse of this fluid is geometrical ; so tliat by 
A few simple laws, and a precise and rigorous system, 
results may be obtained without much difficulty. It 
is well known that the celebrated Saunderson, though 
blind almost from his birth, delivered public lectures 
on optics : he considered the rays of light as simple 
material lines, that acted on the eye by contact ; and 
seeing these lines in his imagination, he succeeded ia 
making others comprehend how their eyes perceived 
tba very objects of which the lines excited in them 
the impression* 

614. light may be considered in the state of com* 
position that is natural to it, and in which it exhibits 
a dazzling whiteness ; or, as being decomposed into 
different kinds of rays variously coloured. The pro- 
perties relating to the first state assist us in determift** 
ing what may be called the paths of light. This fluid 
always tends to mov^ in a right line. But it frc^ 
qaently happens that some obstacle intervt^nes, which 
obstructs its passage, and will only permit it to re- 
flect itself on iu surface \ or rather some medium or 
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-transparent body, which it penetrates, but experience! 
in doing so a degree of deviation, to which the name 
of refraction has been given. Though every thing 
that regards Ught is comprehended under the general 
denomination of optics, yet this term has been more 
particularly applied to that branch of the science 
which treats of direct Hght: that which considers 
light as reflected by the surfaces of mirrors was after- 
wards called catoptrics; and that which relates to light 
lefracted in its passage from one medium to anodter^ 
dioptrics. Matiy philosophers, by obstinately adlier- 
ing to the order prescribed by this subdivision^ have 
lost sight of a more essential poiht, that of exhibitiBg 
the ideas themselves in the order of analysis, and 9^ 
as to avoid introducing into the explanation of a ph€y>> 
pomenon, circumstances that can only be derived from 
the sequel. Thus in optics properly so called, they 
have included many effects of vision that imply it 
knowledge of the structure of the eye, while A*t 
structure cannot be well understood till the principles 
of dioptrics are known. 

The order of analysis to which we have alluded is 
the one we shall follow here, that we may preserve as 
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I. Natun and Propagation of Light. 

When a Imninoof body spreads over all odier 
bodies within its sphere a brightness that afiecu our 
eyes, and renders those bodies visible to us, the effect ' 
nMetsarily supposes the existence of a fluid, the 
action of which is exerted both on the objects eA« 
fight»ed and the organ that perccires them. U this 
flwil a sobtile matter that fills the whole sphere of the 
«rft«ne^ and receivies from luminous bodies an agita* 
tiott that ii continued afterwards as the vibrations of 
a sonorous body are propagated by the intervention 
of air ? This was the opinion of Descartes, and has 
been admitted by many modem philosophers, who, to 
adapt it to the phenomena of reflection and the pro- 
pagatim of light, have introduced changes, by sup* 
posing that the particles of this fluid, instead of being 
.inflexible'and perfectly contiguous, were elastic, with 
smaD intervals between them. On the other hand, 
does light arise from an emission or emanation of the 
particles of luminous bodies, thrown out incessantly 
on an sides, in consequence of the continual agitation 
it experiences ? On this hypothesis, which is that of 
Newton, it would be with light, at least as to the- 
manner in which it is produced, precisely as with cor«^ 
imscleA emanating from odoriferous bodies. 

According to Descartes, a ray of light is a string or 
succession of molecular, the motions of which are slight 
jaseiDations, that are continually repeated ; while ac<* 
Wording to Newton it is a string of moleculse that hava 
att an impnlsive force, and succeed one another with 
tat ufttermption. 

• In each hypodiesis, the point of every lominoia^ ' 
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hodj it considered as the common snmmit of m is* 
finitude of cones of a rery incxMisideimUe degree of 
thickness, composed of lajrs that extend di c udttj 
indefinitely, as long as thej meet with no intenvp- 
tkm* Sometimes these cones themselTes are aHed 
ray$, and the axis of the cone is then the line to wUch 
ve refer the direction of the motion of light. 

6160 Both hypotheses have very considerable as- 
tborities in their fieiyoar. Yet, comparing them on all 
iides^ we must give the preference to Newtoo's. Tp 
that of Descartes there is, in the first plsoe, s my 
fltrong objection^ to which, though it has often been 
attempted, no satisfactory answer has been given ; fior^ 
according to this hypothesis, light would not only 
spread itnelf in a direct line, but its motioa wonU be 
transmitted in every direction like that of sound, ^ and 
would convey the impression of luminous bodies in 
the regions of space beyond the obstacles that inter- 
vene to stop its progress* Accordingly we shook! 
have no night; and in total eclipses of the^un, that 
disappearance of light that changes the brightness 
of a fine day into complete darkness would never 
occur. 
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Hrreater, if we suppose the proportion to be nearly in- 
finite^ there would apparently be no obstacle * (a). 

By a necessary conseqaence, the quantity of light 
furnished by the stars, even during an immense period 
of time, would be so sniaU, that those bodies would 
experience no sensible diminution. 

The partisans of the other hypothesis have not 
these difficulties to combat, because, on that system, 
the vibratiMs of light are like those of air, and we 
may acccnrdingly apply to them what we have said of 
die propagation of simultaneous- sounds, which cross 
one -another without being confounded : but the ad- 
vantage it appears to have in this respect is already 
more than balanced by the objection we have stated ; 
and the facts we shall hereafter exhibit will tend to 
establish die superiority of the Newtonian hypothesis 
much more fully. In general, this hypothesis cannot 
be reproQched with leading to consequences that 
stagger the imagination ; and in this respect it re- 
cembles a multitude of incontestable truths. And 
even though it slioidd be considered as not com- 
pletely demonstrated, it would still deserve to be 
adopted for this circumstance alone, that it leads to 
an explanation equally ingenious and satisfactory of 
vairious phenomena, and particularly tliose of refrac- 

* SnuUTs Treatise on Optics, vol. I. p. 694. 
.. (•) l|fr. Brewster very justly remarks, that " all objections of thb kind 
ranish wlien we attend to the contiuuation of the impression upon the re- 
tina, and to the small number of luminous particles which are on that ac- 
count necessary for producing constant vidon. It appears from the acca* 
rate eKpOTiinents of M. D^Arcy (M£m. Acad. Par, 1765, p. 450 ; Prk$tiey 
•a Vition, vol. II. p. 634% that tlie impression of light upon th« tetina cotv 
linoet two mimitet and forty seconds ; and as a particle of light would move 
tlarty-two millions of miles during that time, constant vision would be main- 
tained by a succession of luminous particles thirty-two millions of mllef 
^■tant frm each other.* Brewster's Ferguson, vol IL p. S30.^Ta. 
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*iiolt and aberration, which, oa the hypothesis of 
Descartes, it is extremely diffictilt to comprehend. 

618p Let us now direct our attention to one of these 
cones of light which have their summits at different 
points of a luminous body; and let us conceive a plane, 
that cuts this cone in a direction, >*hich, for the 
greater simplicity, we shall suppose to be perpendi- 
cular to its axis. If we move this plane in a line pa* 
rallel to itself, from the summit towarHs 4ie base, it 
will intercept circles whose surfaces will regularly in^ 
crease as the square of the distance from the summit^ 
which u measured by the part of the axis that it in* 
tercepts at the same time; and since it always re« 
ceives the same number of rays, it results that th« 
intensity of light in a given space, taken on this plane^ 
is in the inverse ratio of the square of the distance. 
Accordingly, if we suppose this plane to be the circle 
of th^ pupil of the eye, it will follow that the light re- 
ceived by the eye must be weakened in the same de- 
gree, in proportion as it removes from the luminoos 
body* 

Let us conceive the eye, placed at first at a certain 
distance from a torch, to be afterwards withdrawn to 
a greater distance ; the rays that passed by the pupil, 
in the first case, will be diiTused over a space nine 
times larger, from which we infer that the eye will 
receive a portion of rays that is nine times less ; and 
consequently if we wish the impression on the eye to 
be always the sajiie, we must substitute instead of the 
first torch another, the light of which shall be nine 
limes stronger, that is, shall shed nine times more 
' rays on the same space. 

619. An opaque body can never be enlightened but 
in part by a luminous body ; and the space deprived 
of lights which is situated on the unenlightened side 
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of the bodj, is called shadow. Shadow, therefore, 
propeilj speakuigy represents a solid, the form of 
which depends on that of the luminous body, that of 
the opaque body, and the position of the two bodies 
relatively to each other. 

620. Let us suppose the two bodies to be the globes 
r and z (fig. 82, pi. XII), and that the diameter of the 
hmiinous body, r, is greater than that of the opaque 
one, z. The shadow will be a cone that may be de- 
termined by supposing a right line, o c, joining the 
centres of the two globes, and then drawing a com- 
mem tangent to the two globes, and extending it till it 
meets at a, the same line produced. If we conceive 
the tangent, by remaining fixed at the point a, where 
it cuts the line which joins the centres, to revolve about 
that line, so as always to form the same angle witli it, 
it will evidently describe the surface of a cone that 
will have for its base the circle of the opaque globe, 
terminated by all the points of contact ; whence we 
see that the enlightened part of the opaque globe will 
be greater than the obscure part, the plane which 
dutinguishes them from each other being one of the 
small circles of that globe, situated in the hemisphere 
(^osite to the luminous body. 

621. If the two globes are equal, the shadow will be 
a cylinder of an indefinite length, and the enlightened 
part of the opaque globe will be an hemisphere as 
well as the obscure part« 

622. If the opaque globe be larger than the lumin- 
ous globe, the shadow will become a truncated cone, 
in like manner of an indefinite length, of which the 
points of contact with the opaque globe will be on the 
circumference of one of its small circles, so that the 
enlightened part of that globe will be less than its ob- 
scure part. 

623. Shadow, considered on a plane situated be< 
vo&» rt. L 
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hi ad t^ie opaque body which produces if, is merely 
the section of this plane in the solid that represents tht 
shadow ; from which it follows that, in the case of the 
tv^o globCirs which we have ciied by way of e.xiiinple| 
the figure of the shadow on a plane will be a circle, 
an ellipsis, or some other conic section, according to 
the positions of the plane relatively to the cone of t!ie 
shadow formed by the interposition of the opaque 
body between thi?i plane and tlie luminous body. 

6^4. Wlicn the shadow of a body is projected on si 
plane, it is not effected by cutting a clear passage 
through the li^ht which illumines the surrounding 
parts ; but the light itself experiences a sort of de- 
gradation, by which its intensity is reg^ularly dimin- 
ished from the most strongly enlightened points to 
the ?;pace occupied by pure shadow, that is, by sha- 
dow properly so called. Let m suppofe again, r (fig. 
8S) to be the Iinninous body, 2 the opaque body, and 
uy a plane situated behind the last-mentioned body ; 
px will represent the projection of pure shadow. Let 
us no^ draw the lines « /, qs^fh^ &c, tangents to the 
opaque globe 2, and that meet the luminous globCp 
and let ns observe merely what passes to the left of 
the point p proceeding towards u. Tlie line fh hoing 
at the greatest possible distance from j» of all the tan- 
gents capable of reaching the globe it is plain that 
the point and for a still stronger reason the moi^ 
distant points towards «, receive as many rays as if 
the globe did not exist ; that is to say, all those pro- 
ceeding from points between h and d : but that the 
point q receives none of the rays s^nt from points 
tween k and j; that m is deprived of all those \^iticl 
originate in points induded between k and i; and 
lastly, that all the rays emitted from that part of tlie 
globe r which is turned towards fiy, arc lost as to tlie 
point p; whence follows that the effect of the light 
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j facwi i iCi progressively from ftop, which is the limit 
of the ipttoe px occupied by true shadow. To this 
gmduaUy decreasing light, which extends cm one aide 
feom ftopf and on the other from g to jr, the name 
0tpmuwArm has been given. This term is employed 
fay astronomers when treating of the theory of ecUpses, 
and will be used by us in speaking of light decom- 
posed by the intermediation of the prism. 

625. The pure shadow of a rod, perpendicularly or 
obSquely posited on a plane, is a triangle that may be 
determined by drawing from the top of the rod a line 
that shall touch the luminous body, forming with the 
fod the least possible angle. The sides of the triangle 
win be, finty the part of this line comprehended be* 
Cweea the top of the rod and the given plane ; next, 
(he rod itself; and lastly, the line drawn from the 
faotUm of the rod till it meets the otiier line we have 
nentioMd: this last line will be the shadow relatively 
Co die ^ven plane: it will increase and decrease in 
proportion as the -sine of the angle whose summit 
coincides with the summit of the rod shall be greater 
or less, that is, in proportion as the luminous body 
diall sink or rise with respect to the given plane : and 
if that body move to the right or the left of the po« 
atioQ first oocnpied by the triangle that determines 
die shadoyr, the shadow will move on the plane in a 
ODDtrary direction. It is upon these principles that 
the scioce of gnomonics, or the art of making dials, 
iiCMmded 

* wim of tlie shadow projected on an horuontal ground, we may 
Xmm with tioliraMf accuracy die height of a tower or any other tamilar 
iAjiBt TiiSKtiiodb-tfaii; Fiar a stick vertically in tiie yoimd; leainig 
%tpm «^it«OH|| Is ajbova the ground ; measure also its shadow and tha 
Aliow of tbe tower. The length of the shadows being proportional to the 
iCfp^re hei^t of the two objects prpdodng them, we shall have the 
%ri|!it oTdie tonm by multiplying the length of its shadow by the height of 
4utidk,^.dfa(ldlns the ^uoe by tha ienglb af ths shwlow of the tCicir. 

L 2 
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646* The motion of light was for a long lime supf- 
{>osed to be instantaneous ; but this arose simply from 
the circumstance of its escaping every method that 
was employed to ascertain its velocity, Roemer and 
Cassini however discovered at last a rule for deters 
mining this motion, by observing the eclipses of thi 
first satellite of Jupiter* This planet having a smatlef 
diameter than that of the Sun, the circle that separate 
its enlightened from its obscure part, is the base of i 
conic shadow situated towards this last part, Thfl 
fateltites which move round the principal planet, entci 
and come out of this cone successively, so that theii 
enlightened part becomes itself obscure, and disap 
pears in proportion as they immerge themselves int 
the cone of the shadow, to appear again afterwardi 
^hen they emerge from it. Let us suppose the cartK 
^ approach its conjunction with Jupiter^ that is 
lay, the term when it would be placed on the sani<i 
right line between that planet and the aun: theri 
on Id be, in this case, between the end of the eclipsq 
of the first satellite of Jupiter, and that of the followJ 
ing eclipse, a period of 42^ hours. Let us furthei 
onceive that the earth, in moving through half iti 
rbit, has jnst placed itself in opposition, tliat is, to-^ 
^ards the point where it would be situated behind the 
Aun^ relatively to Jupiter, If light had any progres- 
ive motion a spectator on our globe would see the 
first satellite of Jupiter emerge from the shadow after 
a period equal to as many times 42^ hours as there 
would be eclipses after the moment of conjunction- 
But this does not happen, for the spectator sees the 
termination of the ecUpse about lO minutes kter than 
he calculation supposes ; so that in all the interme- 
c positions, the difference, as far as this limit, has 
been continually increasing. Now the spectator is at 
that time at a distance from his iirit position that 
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#oiiM be measured by the diameter of the terrestrial 
orbit, the half of which he has traversed, and we know 
that that diameter is about sixty-six millions of leagues. 
Hence it has been inferred, that light is 16 minutes 
in tiravelling this distance ; which is more than four 
million leagues a minute. Thus, the light that comes 
to lis immediately from the sun does not reach our 
eyes till the end of eight minutes. It is by combin- 
ing the progressive motion of light with that of the 
earth in its orbit, that the aberration of the stars Is 
explained, that is to say, the apparent motion by 
which the stars deviate from the place where they 
would naturally be sought for in the heavens. From 
the velocity of light, as we have stated it, we obtain 
for the aberration a quantity equal to what observa^ 
tion gives ; which verifies at once both the accuracy 
of the explanation and that of the consequence de* 
duced from the retardation in the eclipses of Jupiter's 
satellites. In the sequel we shall enquire more mi** 
nntely into the phenomena of aberration. 

6S7. We shall describe here a meteor which the 
modems have called by the name of aurora borealis, 
and shall consider it as a simple phenomenon of light, 
die cause of which is not yet fully known. In ancient 
writers we find a number of passages that prove the 
phenomenon in question to have long been remarked. 
Every author describes it in his own way ; and, ac- 
cording to the appearance in which it presented itself, 
it has obtained different appellations, such as lampi^ 
Jlaming torches, lancet, &c. It was not tUl the last ce»> 
tory that it began to be studied agreeably to the true 
principles of philosophy ; and no one has shewn more 
zeal than Mairan in ascertaining the various circum- 
stances attending it, of which the following asre the 
principal It appears almost always in the north, 

* TraitI Phyrique et HIstoriqae derAurerc Bof^k, p, 115> ft it^ 
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Stretching & little towards the fr^st. It btgitis ill 
general about three or foot hours after sun-set. It ii 
preceded by a kiod of mist^ that exhibits nearly the 
figure of a segment of a circle, of which the horizoA 
forms the chord* The visible part of its circum- 
ference soon becomes fringed with a whitish kind of 
lightj that gives a luminoiis arch, or a number of con* 
centric arches^ distingnishable from one another by 
edgings composed of the obscare matter of the seg* 
ment^ Hays and streams of Ught variously coloured 
ehoot afterwards from the arch, or rather from the 
cloudy segment; in which there is abvays some Inmin^ 
om breach that seems to afford thepi a passage. 
When the phenomenon increasesj so as to spread to 
a considerable extent, its progress shews itself by & 
general movement and a kind of perturbation in the 
whole mass^ Numerous breaches are formed and in- 
gtantly disappear in the arch and obscure segment* 
Vibratory corru scat ions of light strike, as by shocks, 
every portion of the matter constituting the pheno- 
menon, and which occupy the visible hemisphere of 
the heavens. Lastly, when this matter has extended 
itself as far as it can, there appears in the zenith an 
inflamed crown, that seems to be the central point as 
it were in which all the surrounding motions concur. 
Then it is that the phenomenon exhibits itself in its 
greatest splendour, not only from the variety of lu- 
minous figures that sport in a thousand ways in the 
upper parts of the atmosphere, but from the beautiful 
colours with which many of theju are adorned. After- 
wards the phenomenon diminishes by degrees, yet 
exhibiting still occasional vibrations and luminous 
streams. At last the motion ceases ; the beams of 
light which occupied the southern regions and those 
to the east and westj are compressed and concentrated 
in the northern part ; the obscure segment becomf s 
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enlightenedi aod ii then exting^tished, sometimei 9udU 
deoly, and at others with a kind of tardiness, so that 
it appears in a manner to be dissoWed in the twilight 
of morning, which is the case with the mi^oritj of 
aur9rp boreales that are of considerable ma^tude. 

6128. This phenomenon has been attributed to vn^ 
.pours and exhalations, which, in rising from the. 
earth, mix together, afterwards ferment, and at length 
take fire. Others have supposed th^n the ice and 
pnow of the polar zone reflected the solar rays to^ 
wards the concave surface of the upper regions of the 
atmosphere, whence those rays were sent back to vs, 
and produced the appearances that accompany ^he 
aurora borealis. Others again have considered the 
magnetic fluid as the agent producing this eifect, and 
the resemblance that in some instances had been re- 
marked between appearances of the aurora borealis 
and the agitations of the magnetic needle (586), 
seemed to favour this opinion. Among the causes 
to which the aurora borealis has been ascribed, it was 
impossible electricity could be forgotten, and the de* 
velopement of the theory founded on this cause be- 
longs of right to Franklin. According to this cele- 
brated philosopher, , the electric fluid conveyed from 
the equator to the polar regions by ck>ud$ that are 
charged with it, faUs with the snow on the ice thftt 
covers those regions ; and being accumulajted there 
breaks through that low atmosphere, and luns akn^ 
in the vacuum over the air towards the equator, di- 
verging as the degrees of longitude enlarge, tiU it 
finds a passage to the earth in m9re temf eraXe climates, 
or is mingled with the upper air, and gives aU the 
appearances we have mei^tioned. This idea hpw- 
ever, it should be observed, is stated by Franklin with 
diflidence, as a conjecture ; and in the {mper in which 
he first mentions the subject he concliades with words 



ftrom which may infer the nattire of his judgmentl^ 

this," says he, " is supposed to account for 
■'aumra borealis * " 

Mai ran studied with much care the appearances] 
of the aurora boreal is, with the view of support ingyl 
1f possible, the particular opinion he had formed of 
its origin. The principles on which his opinion 
founded are these: 

Various observations shewj that the sun is sur 
rounded with an atmosphere that is either Inminou 
in itself^ or enlightened only by the rays of that h 
mi nary ; and this atmosphere has been considered 
rlhe cause of another phenomenon, known by the 
P^ame of zodiacal light. This light, which is faint and 
•whitish, appears some time after the setting of the 
'sun in the season of spring, and in autumn before it 
Ibises Mairan supposes that the aurora horealis 
Intakes place when the matter of the solar atmosphere 
I'approaches so near the earth, as to be more exposed 
to the attraction of this planet than to the sun*s 
attraction. When once within the sphere of activity 
•of the earth, it falls into our atmosphere, and, by the 
'^more rapid circular motion of the particles of air in 
the equatorial regions, is soon repelled towards the 
poles, where the velocity of rotation is less. This he 
Ntates as the reason why the aurora borealis appears 
oftenest in the north ; and he endeavours to explain 
afterwards, by the same principles, the other cir- 
kcumstances belonging to the phejiomenon. 

As the position of the aurora borealis, which Mairan 
^supposes to have its station in the atmosphere, is 
t*^ometimes elevated more than 260 leagues above the 
^surface of the earth J, this philosopher was obliged t^y 



• Sec bia Woria ^ely puhlwhed hj Johnson^ 
i Maine* Traits dc I'Auiofc B6«ale, p. 
I Ibid, p, 6f< 
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give the atmosphere a height incomparably greater 
than what it generally ascribed to it. This objection 
was made to it by the celebrated Euler, who proposed 
'at the same time a new opinion * as to the origin of 
die aurora borealis, which Mairan in his turn hat 
attempted to refute f . This opinion supposes the 
•particles of our atmosphere to be driven by the im* 
pulse of the solar rays to a great distance, and to be- 
come luminous by those rays being reflected on their 
surface. Euler extends this explanation to the ap- 
pearance of the tails of comets and the zodiacal light, 
by means of a similar impulse exerting itself, on one 
hand, upon the atmosphere of comets, and on an* 
other, upon that of the sun itself. 

From the particulars we have stated it appears that 
every hypothesis has been tried to account for the 
aurora borealis. Among the difierent causes to which 
it has been attributed, we should be inclined to. prefer 
that of electricity ; but as yet this preference has no 
decisive observation in its favour, and the uncertainty 
that still accompanies the phenomenon we have been 
considering, furnishes a new proof, that what we have 
known longest, is not always that which we know 
l)est (p), 

* lUdiCfelies Pbydquei tur la Cause des Queuet des ComcteA, d« U 
Jjamidre Borcale, et de la Lumi^re Zodiacale; de TAcad. de Berlin, 
1746. ToL IL 

t Traits de rAurore Boreale, N. 7, p. 341. 

(p) M. libes has lately proposed a new theory of the aurora borealu, 
wfaidi has heen already adopted by nost of die northern philoiophers, and 
9ay be oondsdy stated thus : The production of hydrogenous gas is next 
to nothing at the poles : therefore, so often as the electricity is put into aa 
tqmfibrated state in the atmospliere, tlic ^park, instead of passing through a 
adxtnre of hydrogenous and oxygenoas gas, as in our climates^ paasei 
(hrottgb a mixture of oxygenous and azotic gas : it must therefore cause a 
production of nitrous gas, nitrous acid, and nitric acid, which give birth to 
tttdd^ Tapours, whose red colour will vary according to the quantity and 
proportion of those different substances wl^ are generated^ ThfM vft- 
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% Reflection and Refraction of Light. 

6£9. We now proceed to consider the changes flwt 
light experiences in its rectilinear motion on meeting 
with bodies that interrupt its passage. When a tmj 
0( lights arrived at the surface of a body, returns to- 

pews wit carried towudt tke mridMn where the sr b imt dSntod, ao Ail 
they approach more and more towardi the spectator ; and it b probable 
their motton may be amtted by a north wind. Sometimes they rise» at if 
to tiie lemth of the spectator, and then descend again towards the meii- 
dfaa: and « gr^at mmber of causes may cany the Yaponrs to i >M d s tim 
diiertnt pofaits of th« heaveni^ whence ori^nate the diffneot motmin 
taken by the aurora boreafis, or its several parts. Lastly* the sUgjbt df- 
tooations which are sometimes heard* depend upon the small quantity of 
hydrogenous gas which b found in the upper re^ns of the atmosphere* 
and whidi combines with the oxygen to form water. 

Th«^ principles at the same time that they accoant, in M. libes^ estim- 
ation, for all the phenomena accompanying the aurora borealis expkin abo 
why it b so common towards the poles, and so rare in the temperate re- 
gions ; while thunder, winch is frequent in the torrid zone, b scarcely ever 
heard in the polar reg^ioos. The disengagement of hydiogeaous gas b eos- 
siderable near the equator* and very little towards the poles : and whea 
we excite the electric spark in a mixture of hydrogen, oxygen, and aasotr* 
it combines in preference the bases of the two former gases ; the electric 
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w*rdi the nedMm it htd travmed, its deyiation if 
eaUed rffkction. The angle formed by the first direc-* 
lioii of a ray with a plane touching that point of the 
•or&ce where the ray met it, is the angle tf inck^ 
emUf and the angle formed by the new direction of 
the ray with the tame plane, is the anglt of r^ketiam; 
and obsenration proves that these two angles are al* 
ways equal 

690. Hence it follows, that if rays parallel to one 
another^ meet a reflecting surface that is a |riane smp» 
face, in any angle whatever, they will remain psraUel 
after their reflection. 

fiSl. If the rays, instead of being parallel, either 
ponverge or diverge, the reflecting surface being still 
a plane surface, they will retain, after their reflection, 
the same degree of convergence or of divei^nce. 
For example, if the rays are convergent, we may con- 
sider the whole of the incident rays as a truncated 
Gone^ and the reflected rays as forming the detached 
part of the cone, which is so placed above the reflect- 
ing surface that its base remains confounded with the 
oiaUest base of the truncated cone. It is easy to apply 
the same rule to diverging rays. And thus we s^ 
diaty .in the reflection on plane surfaces, the rays only 
change their route, without at all altering their relative 
position. It is otherwise with reflection on curved 
^Mrfaces, which alters both the direction and position 
of the rays in regard to one another. 

632. Let us suppose the reflecting surfiMse (fig. S4) 
to be c<mcave, and to form part of a spherical surfiu^e. 
X^et Am, aCf be two incident parallel rays:. having 
drawn the tangenu tms, ocjr, at the points of incid- 
ence, and from the point c, the secant nz parallel to 
^s, we shall find, that if the incident ray ac, struck 
upon the secant njs, mg being the reflected ray be- 
loQ^g to the incident ray hm, the line ci, parallel 
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to mgf would be the reflected ray answering to the 
incident ray a c. If we now consider the incidence of 
the ray ac on the tangent oy, it is evident that we 
shall have the angle key smaller than the angle of in- 
cidence a (;o. Therefore, to give to cA;the position 
c^orresponding with the reflection on oy^ the angle 
key must be augmented, and the reflected ray, as eft, 
will consequently converge with mg, and intersect it. 

633. Let us suppose that a e, while remaining fixed 
at the extremity c, moves from the ray m A by its ex- 
tremity a, which will cause the incident rays to con; 
verge respectively ; the angle of incidence, aco, being 
augmented, the angle of reflection, bey, must lie aug- 
mented also : from which it follows that the reflected 
rays will converge more than the incident rays, sinoe 
the latter are moved from the parallelism .where there 
was no convergence, while c b converged already 
with m>g. 

If, on the contrary, ac were to approach mh hy itM 
extremity a, which would cause the incident rays to 
diverge, then the angle of incidence, acOf being di<> 
minished, the angle of reflection, fecy, would bedi'- 
minish^d too: whence it follows, that the reflected 
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^rgen^ or parallel^ or even divergent, but always leu 
to than the incident rays. 

Let ua now consider the reflection of the two 
incident rays, us, rp, (fig. 85), parallel to each other 
and to the radius a c of the sphere to which f he re« 
fleeting surface belongs. Having drawn a second ray, 
c«, from the point of incidence of the ray ni, we shall 
have the angle an equal to the angle cstHf these 
angles being the complements of the angles of incid- 
ence and reflection nsy and mst: also, because ns 
is parallel to ca, the angle csn must be equal to sent, * 
the triangle cms is therefore isosceles, and of conse« 
qwDce ms is equal to cm: and since ms is greater 
than m a, we shall have c m also greater than ma; ac* 
coidingly the parallel rays ns, rp, will always be re« 
fleeted into a point below the upper half, c f, of the ra* 
dioa, 

Now, if we suppose the rays ns, rp, to approach the 
radius of the sphere, the point r/i, whereto tlie reflec- 
tion is made, will also approach the point /; so that 
when they shall be only at an infinitely small distance 
from c<r, their point of reflection will apparently be 
confounded with the point f. 

696. In another view, if we conceive diflferent in- 
ddent rays, db, k i, &c. (fig. 8G), to be all parallel 
to the axis and equidistant from one another, the 
angles of incidence of those which are sensibly remote 
from the axis, will differ much more from each other, 
in proportion to their distance, than those of rays 
nearer the axis, because tlie inclinations of the small 
arcs on which the first rays fall go on rapidly in- 
cseasing, whereas nearer the axis, the arcs deviate 
but little from the perpendicular direction with re- 
spect to tlie rays corresponding with them. From 
which it follows, that in a pencil of rays, falling pa» 
raUel to the radius of the sphere on the curve oag, 
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all ihoM At ft lihort diftmce frem tlie 900$ will wMtf 
Bfur their reflection^ in a very narrow wpmot atutol 
nearly in tl»e middle, /i of the radint of the qphcre* 
Thin niirrow space is considered as a point, called ik^ 
foeu$ of parnlM rayt, whose properties we shall here- 
after invcHtigatc. 

057- It the reflection be on conTCx surfaces fbni* 
Ing part of that of a sphere, all the eflbcts we have 
mentioned will take place in a contrary way : finr, >f 
we prolong behind the concave surface the incident 
and ri'flc^cted rays belonging to that surface, we shaM 
have a repetition of the same angles of incidence and 
reflection, rcflatively to the convexity of the same sur* 
face, on common tangents, with this difference, that 
the rays which were considered convergent in the first 
rasd, will lie conceived to diverge in the second, and 
so reciprocally. For example, if we prolong bdiindl 
the surface uez (6g. 87) the rays A m, a c, g m, 6 e, the 
ineldout rays referred to the convexity of the snrfiicc 
will he A'#a, a'r, parallel to each other like the fint, 
and the reflected raya will be aig^, cV, which wiD di» 
verge ttu\n each other. 

(L1H« Tht* principles therefore of reflection on con^* 
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ttflected nys below the convexitj, they wiQ unite in 
-n ppint between the middle of the radius of the sphere 
and the point where this radius cuts the reflecting snr- 
ftce; and by applying the same mode of reasoning as 
we adopted with respect to reflection on a concaTe 
surface, we shall infer, that in a pencil of rays falfing 
on a convex surface, parallel to one another and to 
the axis, those nearest this axis will tend to unite in 
an imaginary focus, situated very near the middle of 
die radius of the sphere (q). 

' (f) The UovfB of Baflbn and Bovgif r, on tbe reflection of Ilgfat taA 
m the dfarfn^iion of intensity occa»k>iied by such reflection, bciBg too 
poitnt to be eteHMy omitted, some account of them ii given beloir. 
~ Tfas farawr oftliae philoaophen receiving the ffght of the sun in a duk 
fhee, and oooiparing it with the sane light of the tun reflected bj a mirror, 
imd, that it Mall distances, as foor or fire feet, about one lialf was loaf 
rtieetlon; at be jodged by throwing two reflected beams npon tbe Mme 
flud eonparing them with a beam of direct light ; for then tbe ia- 
teadtf ttftben both seemed to be the some. 

Havkg received tbe Bgbt at greater distances, as at 100, fOO, and 900 
ISmI^ be eodd bardly perceive that it lost any of its bitensity by bdng 
ImittBitted through such a space of air. 

1U afterwards made tlie same e«periroents with candles, and always with 
ta^y the same result ^ and tlieiire concluded, that the quantity of direct 
Igbt b Id flmt of reflected as 576 to fif5 ; lo that the light of five candki 
.Reflected from a plane wirror b abuut ec^ual to that of two candles. 

Itmm tiieae ezperimects it appeared, that more light was lost by reflec- 
tion of tke candles than of the sun ; which M. Buffon thought was owing to 
Una cicenmstance, that the light issuing from the candle diverges, and thero- 
bre falb more oblitjuely upon the mirror than the light of the sun, the rayt 
of wbkb are nearly parallel. 

These ezpeiiments and observations of M. Buflfon are cnrions ; though 
Cbey ftn far short of those of M. Bouguer, both in extent and accuracy. 
Using a smoodi piece of glass oue line In tluckness, this philosopher found, 
Uuft wben it was placed at an angle of '15 degrees with the incident rays, 
it reflected 628 parts of 1000 which fell upon it ; at the same time that a 
WhiTfic mirror, which he tried in the same circumstances, reflected only 
$51 of tbtem. At a less angle of incidence much more was reflected ^ ao 
that at an aqgle qt three degrees the glass jreflected 700 parts, and tbt 
nM somAhing less, as in the former case. 

Trying tbt leflectioa of bocEes tbat were not polished, be fooad tfail • 
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640. When light meets a diaphanous body, that lets 
it pass into its interior parts, it undergoes another 
kind of deviation, the laws of which we shall in like 
manner explain. Any of the bodies which light pene- 
trates bears in general the name of medium. The 
point wher^ a ray of Ught enters any medium is called 
the point of immersion, and that at which it comes out, 
the point of emergence. If a ray meets the surface of 
a medium perpendicularly, it continues its route in 
that medium ; but if the incidence be oblique to the 

ffeoe of wkite plaiter, placed at an angle of 75* with the inddcnt le- 
flected -j-f^ part of the light that is reoeiTed from a candle nine inches htm 
it. White p^>er, in the lame drcumstances, reflected in the same propor- 
tion ; bat at the distance of three inches> they both reflected 150 parla of 
1000 that were incident. 

Of the light reflected from Mercniy, ^ at least is lost, and probably no 
rabstances reflect more than this. The rays were received at an an|^ o£ 
11^ degrees of incidence, that is, measured from the soriaoe of tbic reftact* 
ing'body, and not from the perpendicalar, which, he says* is what we an 
always to understand whencTer he mentions the angle of incidence. 

The most striking obsenrations which Bougner made with respect to tiiis 
subject, are those which relate to the very great difference in tiie tgaaiatitf, 
of light reflected at dificrcnt angles of incidence. In general, he says* that 
reflection is stronger at small angles of incidence, and weaker at large ontt. 
The differcDce is excessive when the rays strike the surface of transpaioil 



Section and Refraction of Light. 161 

iturfSuc of the medintn, the ray turns out of its route, 
io thiit it appears broken at the point of emergence : 
this remoyal from its path is called refraciiony and the 
part of the ray that experiences it is called the broken 
or refracted ray. The angle of incidence is that which 
the incident ray makes with a perpendicular drawn 
from the point of immenion on the surface of the 
medium, and the ang/e of refraction that which the 
broken ray makes with the same perpendicular. 

641. This being premised, it may happen that light 
shall pass from a rare medium to a denser medium, or 
fiom a dense medium to a more rare medium. In the 

WW ewen- greater than horn qdeksUm. All thingf oonndered* he thoogbt 
k WW not (|«itc M §tmU though it wu very dithcult to determine the pre* 
die ^flfercnce becwctn them. In very nmiU angles, be tays that water 
tefltcts neartj | of the direct Ughi, i^649\ 

That k no pfer90n» he tay t, bat has sometimes felt the force of this strong 
teilecltei fram water, trhen he has been walking in still weaibcr on the 
brink of a lake opposite to the sun. In this case, the reflected li^ht is 
ar aomatimei a greater proportion of the light that comcn dincilv f.um the 
MO, ivUeh b an addition to the direct rays ol the son that cannot fail to be 
yrtry icMfth. The direct light of the sun diminishes gradually as it ap- 
pr o a chct the horkoo, while the reflected light at the same time growa 
ttraoger: so that there is a certain elevation of the smi, in \%hicli the united 
ibice of tiie direct and reflected light will be the greatest possible, and this 
he aaya b If or IS degrees. 

On the odier hand, the light reflected from water at great angles of in- 
cidenoe b eEtremely nialL Bouguer was assured, that» when the light was 
perpendkalar, it reflected no more than the SZth part that quiclisilver does 
In the sane drcomstanoes ; for It did not appear, from all his obserratlonsy 
tiiat water reflects more than the 60th, or rather the 55th, part of perpendi- 
mhir Dglbt When the angle of incidence was 50 degrees, the light re- 
Elected from the sur&oe of wster was about the Sffd part of that which mer- 
^tny refleoled ; and as the reflection from water increases with the diminu- 
tSurn of tiie angle of inddence , it was twice as strong in proportion at 
39 degrees; Sof it was then the 16th part of the quantity that mercury le- 
fleeted. 

Bonguer likewise paid considerable attention to the subject of Vg^t re- 
jected from the planets : with regard to the moon he concludes, that nearly 
^iro4kif^ of AehQrt that lomiBary receives aie absorbed^— T». 

II. M 



first ca$e the reFracted ray approaches tbt perpen- 
diculax at the pQint of immersion, and in the se- 
cond recedes from it. Also^ observation proves that 
the sine of the angle of incidence and that of tbt 
angle of refrjiction arr always in a constant ratio to 
each other, when the medium which the light qtutf 
and that which it enters remain the same, whatevef 
may be the obliquity of the incident ray. If light 
pass from air into gl^^s, the sine of incidence will b 
to the sine of refraction as 3 is to i2 ; if it pass from 
air into water, the proportion will be as 4 to 3, 

When light is refracted anew at the point of emcr^. 
ence in re*-entering the first medium, the same rati 
obtains in a contrary sense ; that is, if the return b 
from glass into air, the proportion of the sines will b 
as 2 to Sj and if from water into air, as 3 to 4 ; (66 8), 

It follows from this, that if the medium into w hich 
the Hght has first passed be terminated by two pa- 
rallel surfaces, the light, in quitting this medium, will 
lake a direction that will be itself parallel to that of 
Che incident ray. Several mineral substances hav4| 
the singular property of soliciting the ray that pene4 
trates them to divide itself into two parts that follo«j 
two different rontes: this is what is called double re^ 
yaction. la the sequd we shall consider this pro- 
perty, and shall endeavour to illustrate its theorj , re- 
lative to the mineral bearing the name of uland apaA 
(a variety of quartz), in which it is more apparent than 
in other minerals, 

642. Let us now consider the effects of refraction 
in mediums terminated by curved surfaces. Let 
da op (fig* 88) be a portion of a spherical surface, 
and cOf k a, two iacident ray^i parallel to each other, 
and to an axis, ^x, that divides the arch d a op into 
two equal parts : suppose also the rays c a, k o, to be 
equally distant from the axis, in which case they wiJ4 
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iMet iiiM iuthct daop ia the imne degree of oIh 
liq«hj: the perpeiidiaoilarfi ha^ ho, to the poinu of 
ittme^ioii, aie neceisarily in the dnectiont of the two 
tkSa of the sphere to which the surface we are con- 
ridering belongs : these perpendienlars then will con^ 
Terge towards eich other, and if the medium to which 
tfMjr belong be denser than that in which the incident 
HBsyt may move, it is obvious that the refracted rays 
a it o I, by approaching the perpendiculars, will also 
eottrei^ towards each other. 

Let US conceive a second curved surface, 
iilpf silver to the first, and to be so situated that 
the two concavities shall be turned towards each other. 
The aifOtfin passing into the first medium, will, 
eou imry to the preceding case, remove from the per^ 
pendieubrs et, tl, to the points of emergence; from 
wtich it Appears, that they will converge still more to- 
wadb the common point x situated on the axis yx^ 

644* Let us suppose that the incident rays ca^ko^ 
(fig. 89> pi* XIII), being always parallel, meet the sur- 
hctdaopitk diflTerent degrees of obliquity, and in 
Such manner, that one shall be between and the other 
out of the perpendiculars ba^ho. If the refiringent 
medium be denser than that in which the light moved 
M first, the bent rays will still converge by approach- 
ing the perpendiculars. To prove this, let us con- 
^:dve thit die rays ea, koy fidl at first on two small 
antrfhces, d e, eip, (fig. 90), psrallel to each other i it is 
^tvident diat the refracted rays n/, o t, will be also pa- 
X'^^eL Let us now suf^se that the small surface 
ttttns round the point of immersion o, so as to 
tim the podrion n r , and at the same time that the 
peipciB^llmilar h o turns in an equal degree, and takes 
the poikfoQ jfii, while the rays ko, ot, shafl remain 
fbed : the two little surfaces de,nr, may then be con- 
sidered ai forming a part of a curved surfkce. Now 

M 2 



164 '''lJ%kt • 

the Mgle 6f ind4enW Aro A >MIt he stugmented'by. tli€ 
quantity A o jt, and the angle of - reflection sot by ^ 
quantity equal to uos;- and ■ i t- i^ evident, that- if. the 
sines varied as theiangles, the -sineof .xefraction would 
be too much augmented, foi the sauie proportion to 
remain. For example, if the proportion- wi^r6 that of 
3 to 2, the increase of the angle of refraction ought 
to be f only of that of the angle of incidence,, instead 
of being equal to it. But the sine of refraction is also 
more increased, in proportion to that of iDbcidence, 
than in the preceding case ; because if two angles be 
augmented by the same quantity, the . sine of the 
smaller angle will increase in a much greater propor- 
tion than that of the larger angle : therefore, for the 
proportion between the sines to remain the same, the 
angle uot must diminish, and of consequence the re- 
fracted ray ot will approach the new perpendicular 
tf, that is to say, will converge towards the other re- 
fracted ray, a/. 

In general, the refraction; of parallel rays in a me- 
dium that is convex and .denser than the medium they 
have quitted, tends to render the refracted rays con- 
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deii9erlSuai-the:Qncihe]^quit, and w^iifh are parallel' 
to the axrr, those near thi^ axis most tend to unitt 
bejFond the second medium, in a small space that will 
be their common focus.- This focus will equally have 
place respecting diaphanous bodies terminated on one. 
tide by a conrex surface, and on the other by a plane 
sur&ce, as for those which have two sides convex. 
The position of thiji focas depends both on the curva- 
ture of the medium and .its nature ; and geometricians 
have methods of ascertaining that position. 
' We may also suppose the incident rays to be con- 
verging or diverging, and may find, in each case, the 
respective position which the bent rays ought to take 
in consequence of the refraction. 

We shall reserve the elucidation of those of the va* 
rious results relative to these suppositions, which we 
shall need in the sequel, for the several places where 
they may be introduced with their respective subjects; 
Aince it will be easy to deduce them from what has 
preceded. 

647. Hitherto we have considered reflection and 
refiraBCtion us two distinct effects, that take place inde- 
pendently of each other. But observation proves, that 
the rays wliich fall on the surface of a refractive me- 
dium, different in density from that of the medium 
iti Which they-were moving, do not all penetrate the 
second medium ; a part being reflected at the contact 
6f the-two mediums. Let us suppose the second me- 
diiim to - be xarer than the first : in proportion as the 
ray^,* departing^ from the perpendicular incidence, shall 
incline mt»re on the surface of the second medium, the 
number of 'rays that escape refraction will be more 
^onriderabley and there will be a term at which they 
wiH all :be reflected. This last effect is given imme- 
disttely by the individual law'of refraction ; so that wt 
iday a«certain, by the ratio' between the sines of in« 
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mimct and Tefraction, the degree of iocliniiioii tii 
i^hich it will take place: for siocc, in the case in 
^uestioBf the ^iiie of refraction is alwaj3 greater than 
that of iacidcnce, it is manifest, that there will be a 
degree of inclination, where, the angle of incidence 
being ^tUi acutf , the angle of refraction will he a right 
angle, 50 that the direction of the refracted rajs wifl 
coincide with the surface of contact of the two me* 
diumf; and if we further increase the angle of incid* 
cnce, that of refraction will become obtuse^ and the 
rays elevate themselves again above the eurtace of 
contacts These rays do not then follow the directioii 
of the side of the obtuse angle, agreeably to the law 
of refraction; but each ray makes its angle of reflec- 
tion equal to the angle of incidence. We &hall pre- 
sently assign the reason of this, 

648. It follows from what we have just §aid» that, 
for a gi%"en medium, the proportion between the sine 
of the angle of incidence, where the total reflection 
begins, and the radiui^, is the same as that of the sinc^ 
which measure the refraction in the same medium: 
for example, when lighl passes from water into air. 
the sines being as 3 to 4, the total reflection wUl be 
an angle of incidence of 48^ Sb\ of which the ^inc ' 
I of the radius. 

649- If the second medium, on the contrary, b 
denser than the flrst, a part of the rays will in like man^ 
ner be reflected at the contact of the two mediums ; bu 
this part is in general less than in the preceding case 
and however oblique the incidence may be, there wi 
be reflected rays, and others that are refracted \ i 
such a manner, however, that the number of the firs 
regularly increases, while that of the second as regu 
lariy diminishes^ in proportion as the incident rays b-* 
qome more oblique* But this obliquity can never b 
such that the sine of refraction shall become cquai t 
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the tadiai, because it it-ahrajn kit than dia slni •f 

iacideBoe. 

b is in eoasequeace of the portioii of rajs thai tkaa 
reflect themselves by escaping rtfractioa, that the slur* 
face of a tranquil piece of water, as well as the sur&et 
of other transparent bodies, perfonnsy in a cestaiA 4e^ 
gree, the office of mirrors, (639 note q). 

Let us here contemplate the facts we have staled, 
and examine how far theory has sueceeded in aaceff<> 
taiaing the causes on which leflection and refiractkm 
depend. 

£50. Philosophers have attempted to explain these, 
as they have done many other effects, by the ordinary 
lawa of mechanics* They have reasoned in regard to 
reflection, as if tlie molecuks of light had a perfect 
elasticity, and the surfaces that reflected regularly werf 
themselves perfectly polished* On this supposition, 
nothiag could be more obvious, than the equality of 
the angles of reflection and incidence, if the moltculss 
of light were supposed at tlie same time to be of a 
gfebtthur form. The force of each globule acting 
obliquely on the plane of reflection, decomposed itself 
into two other forces, of which one, perpendiculai to 
the plane, was first destroyed by the resbtance of that 
plane, then completely restored by the effect of the 
elastic force ; the other, parallel to the plane, experi* 
enced no alteration, and combiaing itself with the 
preceding, produced a new motion in a diagonal liae, 
indined to the plane in exactly the same degree as t^ 
first motion. 

651. But these explanations, and others of a similar 
Imid, that reduced every thing here to the ordinary 
laws of collision, might ^pear satisfactory, if rtfleov 
tion were considered in an insulated point of view, 
and a mathematical precision could be attributed to 
the actions of the producing forces. Newton, accu&-> 
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UmstA t« look- at hots in all th^ir bearings, found in 
their combination in the present instance strong ob- 
jections to the theory that had hitherto been adopted; 
and afterwards examining the subject of reflection 
disdnctly, he decided, that the mechanism on which 
it had been made to depend could not be that of 
nature. 

652. The foUowing are the principal consideradona 
on which his opinion is founded *. When light 
passes from glass into air, the number of rays that 
escape refraction, and are reflected at the point of 
contact of the two mediums, is as great or even 
greater than when the passage is made from air into 
glass. This, he states, is 8aying> in other words, that 
air is better adapted for reflection than glass, which 
is by no means probable; and even if it were true,' 
nothing would be gained by it,, for if glass be placed 
in an exhausted receiver, the reflection, in the pas- 
sage from glass to the vacuum, will be as strong or 
even stronger than when the air existed. 

663. Again,, when light passes from glass into air, 
forming an angle of incidence less than 40 or 41 de- 
grees, a portion of the rays is refracted in penetrating 



^e/lectum and Refraction of Ught, 

be pheed in contact with water, a considerable por« 
tioQ of the rays will pass through the water, with the 
same incidence which gave a total reflection when air 
einsted in the room of water. It appears therefore^ 
that reflection and the transmission of rays do not de- 
pend on the manner in which they meet the real sab- 
stance of the glass, but on a certain disposition of tb6 
ait or water that is contiguous to it, 

^54. Newton, having stated scTcral other reasons 
which suppose a knowledge'^ of certain effects we shall 
ifCBk of hereafter, remarks, that on the supposition of 
reflection being occasioned by rays striking against 
die BoHd particles of bodies, the surfaces of mirrors 
would not be able tor send back the light "with the ex- 
actness and tegalarity which is observed by nature* 
It is not to be presumed that the exertions of art-j by 
means of sand and other analogous materials,- shopld 
so fiur succeed in polishing glass, that the minutest 
panicles of that substance should become perfectly 
smck>th, that their surfaces should be cxacdy plane>or 
spherical, that they should all be turned in the same 
direction, and compose a single surface varying in bo 
lespect through its whole extent. What is called 
polishing glass, is nothing more than rendering those 
asperities imperceptible to our eyes which we could 
before perceive, and substituting smaller asperities in 
their stead. From which it follows, that if light were 
jreflected by the real substance of glass, it would be 
^Ibpened in all directions from surfaces polished with 
'Ae utmost art, as well as from the roughest. How 
happens it then that reflection takes place so regularly 
on the fonher ? There appears to be no other way of 
getting quit of this difliculty, than by making reflec* 
^ott depend upon a certain force pervading upiformly 
the whole surface of glass, and exerting its action at 
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u very smafl distance. Hereafter we shall mention 
some observahons which prove that bodies really met 
en rays of light. 

655. What we have thus far said of reflection will 
acquire additional probability from tlie details we ire 
about to state respecting the theory of refraction. It 
has in like manner been attempted to ascribe this in* 
flection of light also to the laws of mechanics, by 
making it depend upon the greater or less resistance 
of the mediums which it penetrates. But here theory 
appeared to be at variance with those laws themselves: 
for it is demonstrable^ that a body passing, for ex- 
ample, from air into water in an oblique direction to 
the surface of that liquid, u refracted by departing 
from the perpendicidar, and tbat in consequence of 
the second medium being more resisting than the first, 
Light, on the contrary^ passing from air into water 
approaches the perpendicular: from which it appears 
to follow^ that dense mediums resist the motion of hght 
in a less degree than those which are rare. As thia 
smaller degree of resistance cannot be attributed to 
the oature of the medium itself^ it has been imagined, 
that refraction is occasioned by the intervention of a 
^btilc fluid that occupies the pores of the medium, 
and being purer and more free from every kind of 
inixture with the grosser fluids, in proportion as tlie 
pores are small, becomes tlicreby less resisting in. 
4ense mediums. 

Newton explains refraction in a ranch happier man- 
ner, by means of attraction at small distances, Hia 
explanation is this : 

666, Let I (fig. 91) be a ray of light that pene- 
trates air in a direction oblique to the surface of the 
medium A B C B, which we shall suppose denser than 
air. Produce C B until B r is equal tQ the radii,ts of 
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ibe sphere of activity of the medium A B C D \ an4 
t^n having taken on B the part Bz equal to B 
let m draw rp and nu parallel to A B. When the ray 
•hall have touched the line rp, it will begin to be 
more attracted by the medium AC than by the air, 
and that attraction exerting itself in the direction jf 
perpendicular to A B, will combine with the velocity 
in the direction t to that the ray will turn out of its 
opipne, describing the diagonal of a small parallelo- 
gram forsK^d by the directions of Uie two forces that 
fi^it it. In proportion as it shall approach A B» it 
win be more strongly attracted by the medium A C, 
$0 that lU velocity of approach to this medium will 
be xegularly accelerated, without the horizontal velo- 
^Atj experiencing any change; and its motion at the 
same tim^ will every instant continue to be inflected ; 
whence it appears, that it will describe a curved line, 
the concavity of which will be turned towards 
AB: when the ray shall have arrived below the 
liM AB, it will be attracted at once downwards 
}fj the parts of the medium that will be below 
and upwards by the superior parts; and as the 
attraction of these last eJ(tends at first to a distance 
less tJian the radius Bz of the sphere of activity of 
die medium, while the attraction of the lower parts 
9et« through the whole extent of that radius, it fol- 
lows, that the motion of the ray of light, y will con- 
linue to accelerate, but by degrees that will rt^ularly 
decrease, and thus the ifew portion of the curve tjf^ 
that it will describe, will be turned the same way as 

V In rmtt^, tbe acti^ 9nry SMkcylf s »cdhim •sloi^i indbS* 
Slte^j loimd that inaleciile ; but «s it diiaiiusb«s so npid^ u u» bccooic in- 
ienaUe ^ % yetj short distanct, it ii considered at ending there» and the 
iMiae of ^phen of activity is ghren to the a|>aoe whose centre coincides mldk 
thai of eM nw k e w ie» ssd whose radiw it to Ihs lUHrtlH we haivc 
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the first : but as soon as the ray shall touch thc^ fine 
uZf it will be wholly immersed in the sphere of ac^^ 
tivitj of the medium, and being then equally attracted 
on all sides, it will take a rectilinear motion in the 
direction of the tangent fk^ to the extremity of the 
curve ytf. 

In describing this curve, it is clear, that the* ray 
approaches the perpendicular ctm, at the poiiit of 
immersion ; and as the curve is extremely small, the 
course of the ray appears to be composed only of two 
right lines, relatively situated like sy and fk, and 
which cut each other at the point of immersioii. 

The same effects are repeated in an inverse' order 
from the point ft, the distance of which from the lihe 
D C is equal to the radius B z of the sphere of activity 
of the medium; so that the ray of light describes 'here 
a second curve, k i e, similar to the first, but having its 
concavity turned a contrary way : from which it re- 
sults, that when the ray is no longer attracted but by 
the surrounding atmosphere, it moves in a right liAe, 
as el, departing from the perpendi cukr gio, at the 
point of emergence, in such manner thdt the angle 
formed hy el and oi, is equal to that formed by the 
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tw0 earves will not fail to resemble each other ; so 
that, doe fkUowanee being made, the motion of the ray 
may be cooi^idered as produced by a single accelerate 
ing force, variable within certain limits near the lines 
AB, CD, and .expf^ryencing. on botli sides the same 
alterations in a contrary, direction 
*" • 

* We have laSd (641) that» relatively to any medionit the sine of io- 
etdence 'of tHat oiediaui is always propordonal- to the sine of reflectioa. 
Th&h we 'dtall here demaostmte, - by means of a principle belong^g to the 
i^mj of accdciating foroea. Let AP.b« still the furfiK» of tba refractiTe 
medium, which we suppose denser than the air, s t the incident ray, I i the 
refiacted ray, 6 m the perpcndictHar at the point of immersion, and tb, im^ 
two otlMif perpendiculars to this satai^ fihe. If, at the same time, 1 1 repre- 
senti tfw veiooity -of- thf ray in the air, we may decompose this irtMtf 
iiU9 two dirediDns s 6 and 6 1, of which the first will represent the hori- 
spoial velocity of the incident ray, and the other its vertical velocity. Let 
as suppose 1 1 to be so drawn, that i m may be equal to b s : the horiicontal 
ndocity being always the same while the ray moves according to 1 1, be- 
etase tiie action of the aecelerating force can occasion no change in that 
velocity^ it wilLsti^ be represented by i m equal to bt; whence it follows, 
that the vertical velocity, relative to the motion according to I i, will be re- 
presented by t m. Now the principle we referred to is this, that the quan- 
tity by Which the square of the vertical velocity b increased, from the efiect 
of .tlie attractive /bree of the medium, is a constant quantity, whatever may 
be ihe direction of the incident ray : that is, if the square of the velocity 
hj^ be designated .by u^, and that of the velocity, tm, by V*, the differ- 
ence V^^tt^ win be a constant quantity. Let tliis difference be d^, and 
1^ ft be the hoiiaontal velocity bt. On t i, let us take the part t s, equal to 
s t, then through the point z draw z y> parallel to im; b i, or its equal i 
wih represent the sine of incidence, and ly that of refraction. Now, 
«y«i«^:ts:ti * 3at ts. or ts^s/'^^^^^rjf^(i^^ «\/ u« + h«; 
=« Ct #11^ -+fim^* ^ ^iA-+ci^-|-&*- Therefore the ratio between 

Isand tt, or between the smes %y and im, is v/— : — X But as the 

• ' u-'\-d'+h^ 

iikeident ray has the same velodty, whatever be its inclination, the numerator 
V^i^^^j^?, or the expression, pf t«, b constant quantity. Hence tiie 
denominator being composed of the constant square 

and the coostant quantity d", will be itself constant; and aoch, 
« •( consequence, will be the proportion between the sines. 

Newtoa 
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The preceding theory suppost* liglu he prtipft- 
gEt«d by emission ; which affords a more happy illus- 
fration of the principle of refraction than can be dc- 
rived from the hypothesis of pressioo. 

558- As light is traosmiued, whatever may be the me- 
dium, in all possible directions, we must conceive that 
it is udth the particles of diaphanous bodies^ as with 
those of light itself, that is, that the distances between 
these particleB are incomparably greater than their 
thickne^. Philosophers who admit the propagation 
of light by pressure, have been led to the same coti- 
elusion. Boujgner conceived it possible to elude this 
difficulty by supposing that the solid parts of diaphan^ 
oua bodies, which were in the direction of the rays of 
light, transmitted tlie action of those rays, by bending 
or yielding to the subtile matter in the very small 
spaces where the light was interrupted : but it is not . 
Bt all likely that these parts should have the form, dis- 
position, and degree of elasticity, that would be re- 
quired to propagate the vibrations of light with the 
same accuracy as if the rays of this fluid formed con- 
tinned lines* 

The same theory leads us to a variety of new con- 
siderations respecting the causes of reflection and 
refraction. 

6*59- We have seen (647) that rays which present 
themselves iji a certain oblique direction, on penetrat- 
ing a medium racer thaJi the one they have travcrsedj 
become all at once reflected at the contact of the two 
mediums* Now the explanation we have given of je- 
iraction will ejiai>!e us to account for this eflect : for 
the ray of light, arrived xvithin a distance of the con- 

Newton hKi giTcn an excellein demonrtration of the smae rt^t by Uic 
methoil of synthesis. ^Mq% PP»tur. Pfindp, MaUieia. tqI. I, lect lir: 
prop. 94-, the or. 4S. 
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tact of the two mediums, less than the radius of the 
spbeie of iactivi^ of the medium it penetrates, aad 
beia^ attracted more by the molecul» situated aboTe 
than by those below it, will begin to inflect its mi>-> 
tioQ And to describe a curve which will turn its con- 
vexity towards the surface of contact. If the inflee* 
lion of the curve be such, that the curve cuts the snr* 
face (tf contact, only a part of the rays will be re* 
fleeted at contact, and the rest will be transmitted* 
But if the obliquity of the incident ray be so great, 
that there is an arch of the curve whose tangent is 
pamlkl to the surface of contact, the ray, after de* 
scribing this arch, will elevate itself by describing a 
second branch of a curve similar to the first, when it 
win take a uniform motion, in the direction of the 
tadgeat to the last arch of the curve ; and it is evi- 
dent that this tangent will be inclined to the surface 
-of contact in the same degree as the incident ray; 
from which it follows, that the angle of reflection will 
be equal to the angle of incidence 

TUs reflection then is the immediate result of the 
same cause on which refraction depends, by which it 
appears to be distinguished from the reflections eon* 
nected with preceding incidences, and which we 
might be tempted to regard, on the contrary, as so 
muiy instances of exception to the law of refraction; 
yet it is extremely probable, and indeed this is the 
opinion of Newton, that reflection and refraction pro* 
ceed in general from the same power acting differ* 
«ntly according to the diversity of circumstances f ; 
for in all the incidences preceding that where iefrae« 
doa is changed into total reflection, the number of 
reflected rays is also greatest, in general whea tba 

^ Newton, PhOos. Natur. Princip. MathesL aeet nt, pnp. 9€, theor. '50« 
t Opdce Ludis, book ii yutX]pog^ a 
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ebliquitj requisite for total refraction is least. NoW 
diif is much jQOre the case in piroportion as tht two 
medinihs differ in density, or, which is the game 
Aing, as the force of refraction^ which depends on 
the magnitude of the angle of refiritction, is mdre con- 
siderable ; and as, on the other hand, the force of rcf- 
flection depends on the number of rays reflected^ it 
may truly be said, that in general mediums which r^ 
Emct light most strongly, are those also which Iflost 
strongly reflect it. 

660. Newton, to designate the power we ire speak«* 
ing 6f, employs sometimes the word attraction, and at 
otheir times the word repulsion : for exdmple, when 
light meets, in a certain degree of obliquity, the last 
surfabe of iei vitreous mass jilaced iii a vacuum, and is 
wholly reflected, it is apparent that this effect can 
only be attributed to the attraction of the glass, the 
Tficuum not being capable^ of action ; but if any liquid, 
as water br oil, be spread over the surface of the glass, 
a certain number of rays, that were reflected in the 
preceding case, will penetrate the liquid, because the 
attraction of the glass is in part balanced by the con- 
trary itttiTictioii ofihe wafer or oil* 
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iq^appear, so in the physical effects here adverted to, 
the repulsive force will immediately succeed to the 
attractive 

Among the rays that move towards the surface of 
the refringent medium, it will most frequently happen, 
that some will be repelled and others attracted, to be 
transmitted afterguards through the medium ; and this 
diffierence seems to depend on circumstances which 
Newton has in like manner ascertained, and which wc 
shall state when we come to the article of colours* 

661. Newton does not always confine himself to 
actions at a distance to explain the eflfects that take 
place in regard to reflection and refraction. These 
effects, he presumes, may depend on the influence of 
a veiy subtile matter, every-where diffused, even 
thiongh the interior parts of diaphanous bodies : and 
conceiving this matter to be denser in rare bodies, and 
the drasity regularly to increase, in a small degree, in 
passing from a dense to a rarer medium, he imagines 
that on this hypothesis it might be possible to explain 
how light is refracted in certain circumstances, by 
gradually inflecting its motion ; and how, under other 
circumstances, it is reflected, by endeavouring to 
avoid the spaces where the subtile matter is densest, 
to pass through others where it is rarest f . 

66£. To see Newton indulging himself here in such 
fireedom of conjecture, is by no means surprising; 
for, in his optical questions, he proposes his opinions 
simply as doubts : they are the history, as it were, of 
the thoughts which, in his profound meditations on 
nature, successively occurred to his mind ; and they 
are eadiiblted to induce other philosophers who may 



* Optice Lucia, book iii, quest 31. 
t Ibid, qoeit 1%. 
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read his warlcs, to investigate his ideas, &iid thi'ow 
additioilal light upon them. 

From the whole of what he has said, it is at least' 
probable that the reflection and refraction of light are 
produced by particular forces, of the nature of those 
which act between particle and particle; and that, 
considering the effects simply as they appear to our 
senses, we may apply the words attraction and repid' 
siofi to these forces, in the same mann^ as in die^ 
mistry the word affinity is employed to denote the 
tendency which the constituent particles of some 
bodies have to solicit those of other bodi^. This ii 
adding a new class of infinitely varied phenomena to 
the domain of the forces in question ; a domain so 
vast already, as appears from all we have said^ that 
whatever tends to stretch its limits still £mher^ must 
contribute, from that circumstance alone, to the per*" 
fection of philosophy, by simplifying the principles 
and operations of nature. The sort of objeetioiSi 
which philosophers long had, and which some stiH 
have, to the admission of such forces, arose s<^Iy 
from the desire they felt of discovering, in natural 
i^flTfH'f';, rtrtlon^ ►■rou? rhosr winch ^ee con- 
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]>riiiciple» that express general fiicts, the r^evelopement 
of which gives the clue to every other fact connected 
widi them. There, the philosopher was ignorant of 
erery thing : here, by reasoning firom one general fact, 
which he assames as a cause, he deduces clear and 
precise information with respect to all the rest* The 
occult qualities plunged all the phenomena of nature 
in a profound and impenetrable obscurity : the forces 
admitted by Newton, eschibit them in the midst of a 
qpace uniformly luminous throughout, exc ept • in a 
single point, where a cloud appears that it lias not yet 
been given to the eye of genius to penetrate. 

€63. Let us proceed to another effect that has con- 
siderable analogy with the preceding ones, and seems 
to furnish a direct proof of the action of bodies on 
fight at small distances. Grimaldi had observed, that 
if a ray of light passed through a small aperture into 
a dark room, the shadows of bodies exposed to that 
Bght were larger than they would have been if the 
lays had just touched the extremities of those bodies* 

664. Newton repeated this experiment with a hair, 
whose shadow was projected on a plane, which he 
^aced successively at different distances from the 
fcair : and he observed, that at a distance of four lines, 
the size of the shadow was four times that of the hair; 
that at a distance of two feet> it became ten times 
larger ; and at a distance of ten feet, thirty-five times 
larger. 

As this increase of the shadow had been attributed 
by many philosophers to the attraction of the atmo* 
tphere, Newton, to ascertain if this were the case, 
iiV>istened the surface of a plate of glass with water, 
IWl which he. placed the hair, and then put on that 
plate another similar plate, so that the hair was in the 
water which occupied the space between the two 

N 2 
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plates ; and he found that the shadow of the haitg at 
the same distance, was still of the same size ^« 

This experiment shewed, that the light, . when ar-« 
rived within a short distance of the hair, avoided 
actually touching it, by bending itself different ways ; 
and this effect could only be ascribed to a sort of re- 
pulsion which the hair exerted on the light f . 

Nciwton made a number of other experiments, from 
which he inferred, that bodies aqt also by attraction 
on the rays that pass near them. These seemingly 
contrary effects are reconciled by the experiments of 
s'iGrravesande, which we shall now describe. 

665. Let us conceive bac (fig. 93) to be a section 
made by a horizontd plane in a sharp blade, like thai 
of a knife or of a sword, situated vertically : if we pre- 
sent the sharp edge, c, of this blade to a beam of lights 
dmke, directed horizontally, the blade will attract the 
rays de^fh, which will be inflected towards it less and. 
less, in proportion as they are the farther removed, so 
that at a certain distance, which determines the limit 
of attraction, there will be a ray, gi, that will pass 
without inflection : beyond that limit, attraction wiU 



Reflection and Refraction of Light. 181 

paratively considerable, as -/^ of an inch, neither blade 
will have any effect on the rays repelled by the other; 
but every thing will take place respecting each, as in 
the case of one blade only. There is no need of re- 
presenting here the repelled rays, which are supposed 
to coincide with the direct light, op, rs. If the beam 
were received upon a plane, A B, it would produce a 
white spot there, on two sides of which the light 
would expand itself in the form of a kind of fringe, 
in consequence of the inflection of the rays near the 
respective blade* 

Let the two blades be now brought nearer, by di* 
minishing the space c r' as long as the rays attracted 
or* repelled by either shall be out of the sphere of 
action of the other, those which passed nearest the 
blades, sls de, ef e', being intercepted, and the loss not 
compensated by any increase of force, the white spot 
will contract itself. If the two blades be brought 
nearer and nearer, there will be a term where each 
will repel the rays on which the other acts by attrac* 
tion, which will increase the inflection of those rays ; 
so that the luminous fringe on each side will approach 
more and more near to the respective points. A, B, and 
the intermediate space will be enlarged. At the same 
time this space will become dark towards the middle, 
the direct rays which enlightened it there turning off 
to the right and left, in consequence of the double 
force that solicited them. 

These experiments are very interesting, as we see 
in them repulsion succeeding to attraction, which be- 
comes evanescent at the point where the rays pass in 
a direct line, and beyond it negative quantities take 
the place of positive. 

The action of the two forces is not confined to a 
mere change of the direction of the rays, it decom- 
poses light ; so that the fringe exhibits different seriea 
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of colomiiy neariy as in coloured ringt, which sHaU 
explain in the proper place. 

The e.iect we have here described has been called 
by many diffraction of light. Newton retains the 
name of ii^dioMf and ascribes it to the same general 
can^e th.ir produces reflection and refraction (r). 
. €67^ We shall conclude this theory of the forces 
which bodies exert on light, by explaining another 
kind pf result, for which we afe again indebted to 
Newton, Thb great philosopher undertook to com* 
pare the refractive powers of different diaphanoua 
bodies with their densities The first he calculates 
thus : he supposes the light, c r (fig. 95), to meet die 
surface, a b, of a body at an almost infinitely small 
angle, era; or, which amounts to the same thing, he 
supposes the angle <^ incidence, c r i», to be ^par- 
ently a right angle. He then resolves the motion, 
tgt of the refracted ray into two directions, of which 
one, m, is on the refringent sur&ce, and the other, 
gn, perpendicular to it. As the incident ray, cr, had 
a velocity considered as nothing in the direction of 
that perpendicular, the whole effect of the motion 
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irhich has place in that direction proceeds from the 
accelerating force, or the refractive power of the me^ 
diom ; and it is demonstrable from the theory of ac* 
celerating forces, that if we suppose the line rn con* 
utmnty the refractive power will be as the square of the 
perpendicular g?i* : with regard to the density, it is 
estimated, as we know, from the specific gravity of 
aay body: 

668. Newton has found that the refractive powers 
vary in general according to (he respective densities ; 
b«t that bodies, considered in this view, form as it 
were two distinct classes ; — one, of those which he re- 
gards as fixed, such as stones, — tlie other, of those 
which he calls fat, sulphureous, and unctuous, as oils^ 
amber, &c. In each class the refractive power is, as 
we have said, nearly proportional to the density ; but 
bodies of equal density, in the second class, have a 
much greater refractive power than those of the first 
class. 

669. Now, the great refractive power of the diamond 
has placed this substance among unctuous and suk 
pbofeous liodies ; and in the table which Newton hal 
given of the series of ratios between the refractive 
powers and the densities, the diamond comes after oil 
of turpentine and amber. (Optice Lucis, book ii, 
part 3, pr. 10). 

* We have said (657» note) that the square of the augmeoUtloQ th^t 
takes place reUitive to the vertical velocity, wheq the light passes from » 
rarer to a denser mediom, is a constant quantity for all inddenees of the 
ray. Now, the increase which the velocity receives is the effeet of th( ac- 
ceietiHng force, or of the refractive power, which also is (^ways the same in 
a given medium, whatever he the inclination of the incident ray. If, theia- 
fore, we suppose, as b the case stat^ ahove, that the incidence forms an 
infinitriy small an^e, the square of the increase of velocity will he no longer 
dSstingnisha h i e firoA the square of the velocity itself, that is, it will h9 repre- 
sented by (gn)^. Thus, the result in the present case is connecUtd with 
diat which served to demonstrate the law of refraction. 
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Newton hence concludes, that the diamond is a eoa^ 
gulated unctuous substance ; an expression^ which, in 
the sense he himself attached to it, is synonymous 
with inflammable. 

670. This great philosopher gpes farther. He re- 
marks, that water has a mean refractive power be- 
tween those of the two classes of bodies, and that h 
partakes probably of the nature of both ; for it oontri- . 
butes to the growth of plants and of animals, which 
are composed at once of sulphureous, fat, and inflam- ' 
mable materialsji and of earthy, dry, and alkalised 
ones. 

Thus Newton read, as it were, in the results of re- 
fraction, that the diamond was a combustible body^ 
and that water contained an inflammable principle. 
In anqouncing these notions he expresses himself in 
the chemical language of the times ; and on this ac« 
count we cannot but wonder the more, how, placed at 
so great a distance, and proceeding in a path so ap- 
parently devious, his genius was able to approach so 
near to important truths, which the state of human 
knowledge at that period would seem to have ren- 
dered inaccessible (s). 
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Decomposed Lights or Colours. 

671. The rays which luminous bodies transmit im- 
mediately to our eyes; bring us the image of those 
bodies, accompanied with that vivid clearness, which 
we sometimes express by the very word lighi. Such 
of these rays as are reflected by bodies capable of re- 
peHing them, announce, in like manner, the presence 
of those bodies, by exhibiting their portraiture, but 
under a particular appearance which we express by 
the word colours. Philosophers have hence concluded, 
that reflection did not merely transmit to us the rays 
in die same state in which they are received by the 
leflecting surface, but that this surface has a fitness to 
modify the action of the rays, and thence to make us 
perceive the images of bodies clothed and decorated 

boBio add ; a result which agrees remarkably with the proportion of the 
Mipooeiit parts stated in note (9), par. 243, vol I. The application of 
Ike rale is found to bold not only in simple nuxtnres, but in more mtiauite 
cnwMnBliims, provided no very considerable condensation has been pro- 
dnoed. Thos ammoniacal gas piodttces the effect indicated by the quan- 
tities pf aaote and of hydrogen which enter into its composition ; but if the 
condensation be too great, there is some alteration though very small. Such 
is CMC with watec 

ew>ination of muriatic acid gas, made after these principles, shews 
titat ita radical cannot be azote ; and also that it cannot be an oiyde of hy- 
4nigen» containing less o^^gen tlian w^ater. 

The lefiaction of the diamond (3*2119 according to Newton, that of air 
being 1) being much stronger than that which b indicated for carbon by 
IjK nsfira^tions of;carbonic acid, alcohol, ether, and other substances of which 
carbon makes a part ; M. Biot concludes, that the diamond cannot be pure 
carbon* and that we must admit at least one-fourth of hydrogen to satisfy 
the results of the experiment. See Biblioth, Brit vol XXXII, or PhtUt, 
Magume, vol XXVI. pp. 152, 292. 

For an ingenious paper by Dr. W. H. Wollaston, describing a simple, yet 
cl^puity method of eiamining refractive and dispersive powers by prismatic 
reflection, the reader may consult Phil, Trans. 1802, or PhiL Journal, 
wl DL N. S.-.TR. 
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in their colours. But in what does this kind -of modi- 
fication consist, whether we consider it as being in the 
rays themselves, or in the objects that determine it? 
Of what nature is this power, whose inexhaustible 
fecahditj gives birth to those diversified tints, that 
distinguish the surfaces of different bodies, and admit 
of such delicate gradations of shades, often united and 
as it were melted together in the coloration of a single 
Vody ? The solution of these important (questions w« 
owe to the discoveries of Newton, 



Consideration of Colours in Light 

• While Ught was regarded as homogeneal^ and its 
rays as indifferent in themselves respecting this or 
that colour, the difference of colours was attributed to 
the different motions which tlie particles of bodies 
gave to rays reflected from their surface, or refracted 
within them. Some philosophers, assimilating cplours 
to sounds, made them consist in the greater or less 
frequency of the vibrations of the subtile matter that 
served them as a vehicle. 
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wd where we admire throughout a happy choice of 
decisive experiments, the art t>f placing them in the 
order in which they elucidate each other, and that cor* 
rectness of reasoning which, in the inferences he draw8| 
exhibits a faitbful translation of the language of facts. 

^73. Before we proceed to the results of the expe- 
riments in question, it may not be amiss to give some 
general notions of the form and effects of the prism 
by which they are made. This instrument is straight 
and triangular. It is commonly made of white glass 
that is as free as possible from bubbles, veins, and 
other similar defects. Its lateral faces should be per- 
fectly plane, and of a fine polish. The angle formed 
by the two faces, one receiving the ray of light that 
is reiracted in the instrument, and the other affording 
it an issue on its returning into the air, is called the 
rrfradmg or refringent angle of the prism. 

€74. We have seen (641) that a ray of light, pene- 
traluig a medium terminated by two parallel faces, 
lununes, on repassing into the air, a direction parallel 
|o the direction it had before it entered the medium. 
Hus is not the case when the medium is a prism 
yrhoae faces are inclined to each other : for the emerg- 
ent ray necessarily makes an angle with the incident 
^y. We mnst however except the case where the in- 
<»dent ray, and the perpendicular at the point of in- 
.jcidence, are in a plane whose section, with the face 
ion which the ray fails, is parallel to the edge that 
iNisses through the summit of the refringent angle, 
for if we prolong this plane till it meets the iace 
throngh which the ray issues, its section with that 
iface will be parallel to the first section ; and as th.e 
ray i^mains on this plane, it follows that it is in the 
itame case here as if the two fiu^es were parallel to 
^h other, and accordingly it will come out of thq 
prism in a direction, parallel to its first direction* 
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€75. Let OS now suppose that abc (fig. 96, pi. XtV) 
represents an infinitely thin plate or a section of a 
prism on a plane perpendicular to the axb ; that i b 
the point appertaining to the refringent angle, and 
kg the incident ray. If we turn the prism aboat its 
ans, while the ray hg remains fixed, and if the mo- 
tion of this prism be such, that it causes th« emerg- 
ent ray nm to sink more and more below its first 
position, there will be a limit beyond which the ex- 
tremity which had hitherto descended, will begin 
to rise. This limit will obtain when the emergent lay 
nm shall make, with the perpendicalar o r, an an^, 
mnr, eqnal to the angle hgs, formed by the inridrat 
ray kg, with the perpendicular ps: whence it follows, 
that the angles anm, cghj which the two rays will 
form with the corresponding faces of the prism, will 
be in like manner equal. If the point b be tamed up- 
wards, the motions of the ray nm will be directly the 
reverse of what we have stated. 

The position that gives the equality between the 
angles anm, cghy ought, therefore, to be regarded as 
the limit of all the other positions. Now we know 
that when a quantity, by varying, proceeds towards & 
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It results from this, that in the positions of the 
prism j4>proaching that where the refractions of the 
rays mn, gh, arc equal on both sides, the ray m n re- 
mains nearly parallel to itself, so that its extremity m 
is for an instant almost stationary. These different 
notions we shall find of use to us in the sequel. 

676. Let us now proceed to the experiments by 
means of which Newton established his ttieory. These 
experiments are of two kinds. The first, which are 
the most important, refer to the consideration of co- 
loim in light ; the second relate to circumstances that 
determine bodies to reflect the different colours under 
which they present themselves to our eyes. 

To give to the first kind of experiments all the ex« 
tent of which they are susceptible, Newton has ex* 
amined light in three different states, by investigating 
in succession that which comes from coloured bodies, 
that which the sun immediately transmits to us, and 
lastly, that which is reflected from polished surfaces* 

the test : but it by no mean^ applies univenaOy with respect to geometrical 
yantities ; as may be shewn by a very simple eiample. Let us contem- 
plate tbe changes of the variable ordinate Intercepted between the slit 
AX, and the circle M mm"' n (fig. T. pi. XIII). This ordinate, if consi- 
dered with regard to the superior branch of the curve M m m% &c. will have 
a miumum value in the position P M» a maximum in the position p' mf^ 
and a minimum again in the position jf" mf^'. But, considered in relation to 
fkib inferior moiety of the curve, P M wiD be a maximum, p'nf tL nunimam, 
and jf-wf* a maximum again. The points M, wl, m^'', and nf, therefore* 
determine the limits of the variations in the ordinate. Yet, it is manifest 
that, whDe these variations are very slow when the ordinate approaches tbe 
points wit t! ; they are very rapid when the ordinate comes near the oliher 
limiting points M, m"' : and the mutations are in a kind of medium state 
with leg^ to increase and decrease, when the ordinate has attained either 
of the intermediate positions pnm, p" n" m". The rapid variatioiit about 
the limits P M, pf" m'*', would be still more striking if the curve were id 
dlipse whose minor axis was equal to M m"' : but the obvious instance of 
the circle will suffice to shew that the observation of our ingenious tttthor is 
Dot to be admitted universally. — ^Tr. 
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677- He took a piece of thick paper, of a rectangn* 
lar form, and of a very black ground. Having divided 
the rectangle into halves, by a line parallel to its 
ihorter sides, he tinged one half with a red, and the 
other with a blue colour. They were both deep 
lours, and of considerable intensity. The paper was 
placed before a window *, in such a manner that the 
longer sides of the rectangle were parallel to the bort^| 
zon, and the bisecting line perpendicular to the plane 
of the window : moreover, the angle formed by the 
light that came from the window to the plane of the 
paper, was equal to that which the same plane formed 
with the rays reflected towards the eye. Things being 
thus disposed, >Jcwtoa looked at the paper through a 
prisni, whose refracting angle was about 60°, and 
whose axis was also parallel to the horizon ; and the 
result of his observation was as follows : When the 
refringent angle of the prism was turned upwards, in 
which case the refraction raised the image of the 
paper above its first position, the blue half appeared 
more elevated than that which was red. The re- 
fringent ang^e being turned downwards, the reverse 
was the case, that is, the position of the blue was 
lower than that of the red- From this first experi- 
tlnent Newton concludes, that the rays which came 
fi'om the blue half were more refrangible than those 
Lli'hich came from the red: for it was evident, the 
linger sides of the paper being parallel to the edges 
[of the prism, that the rays of the two colours, wliich 
proceeded from the subdivision of these sides aiicj 

* For the experiment to saccecd, the paper muat l>e at a m<iderate dj- 
•lance from the ^^indowj as about ti5 eciitiiii(;LTC3 {9 or 10 inches), and op- 
poflite the snpportinH* wull underneath the window, to temper the ^ffirtt of 
t}it: fighu wliioh wouUL exhibit on the paper idl the diAt^retit cokitirs of whicli 
we Ihali pr^teoU^ apeak, aud thereby eclipte the wIoufs painted upon the 
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those of all the intermediate lines, were, relatively to 
the prism, in precisely the same circumstances; so 
that if they had undergone equal refractions, all the 
points of the image which answered to each of the 
longer sides of the paper and each of the intermediate 
lines must have appeared at the same height 

Newton then wrapped a very black silk thread 
several times about the same paper in such a manner 
that the threads appeared like so many lines drawn 
upon it. He placed the paper in a vertical position 
sgainst a wall, one of the colours being to the right, 
and the other to the left. Choosing the period of 
night for the experiment, he put before the paper, at 
a very short distance, a lighted candle, the flame of 
which corresponded with the junction of the two co* 
kmrsy while the apex of the flame was as little as pos* 
nble above the lower edge of the paper. Lastly, he 
erected on the floor, opposite the paper and at the 
distance of about six feet, a lens of 4 inches broad, 
which so collected the rays proceeding from the dif- 
ferent points of the paper, that their points of con- 
course, • behind the lens, were situated at the same 
distance of about six feet ; and the result was, that 
the image of the coloured paper was painted on an-* 
other paper posited in the place of these points of 
conconrse, as the images of externid objects are de- 
lineated in the interior of a dark room, or on the bot- 
tom of an artificial camera obscura. 

By moving the second paper, sometimes towards 
the lens, .^nd sometimes from it, Newton endeavoured 
to ascertain the distance where the image of each co« 
loured half of the fixed paper had most distinctnesS| 
and he judged it to be where the images of the threads 
drawn over the paper were themselves distinctly ter« 
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miaatecl. Now, at the distance where the red wai 
perfectly distinct, the blue had so confused an appear* 
ance, that the Unes which crossed it were scarcely 
perceptible ; and, on the other hand, where the blue 
exhibited itself in all its clearness, there was a very 
imperfect image both of the red and the lines to which 
it served as a ground. This second distance was about 
an inch and half nearer the lens, than that which gave 
a distinct vision of the red ; and as the incidence of 
the rays on the lens was the same in both cases, it 
followed that the blue rays were more refracted than 
the red, so as to converge sooner. 

It is not essential to the success of the experiments, 
that the apparatus should be arranged precisely as we 
have stated. For instance, in the first experiment we 
shall equally succeed by inclining the prism and the 
paper towards the horizon. But in the positions 
adopted by Newton the phenomenon is more marked 
and perspicuous ; and in general he has reduced all 
his experiments to that kind of fixed terms, where, by 
being conducted with more care and precision, they 
afford clearer results. He does not, however, affirm 
that all the light proceeding from the blue part of 
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ftMtion through the prism, might project on the wall 
of the room opposite the window the colonted image^ 
known by the name of the solar tpectnm. The axis 
of the prism was perpendicular to the direction of the 
ray, and by turning the prism slowly round this axis, 
Newton saw the spectrum descend and ascend alter- 
nately on the wall. Between the descent and ascent 
there was an instant when the spectrum appeared 8ta*> 
tionary ; and from what has been said above, we may 
judge the direction of the prism to have been such at 
that instant, that the refractions of the incident rays 
and those of the emergent rays were on both sides 
eqaal. Newton fixed the prism in this position, and 
adopted it in general for all his experiments 

079* The image of the sun, depicted on the wall 
opposite to the window, was an oblong figure, the 
latttml bounds of which were t4b tolerably distinct 
ptoaDel right lines, and the upper and lower extremi-^ 
ties two semicircles confusedly and indistinctly ter-^ 
minated, the colours decaying there and gradually 
vanishing. The breadth of the image was in propor- 
tion to the apparent size of the sun's diameter, for it 
was £| inches including the penumbra, and was he* 
sides 18i feet from the prism. Now by subducting 
from diis breadth the diameter of the hole in the 
window-shutter, which was a quarter of an inch, and 
by measuring the angle, which, having its summit to* 
wards the prism, was subtended by the breadth thus 
reduced, this angle was found to be about } a degree, 
which is the measure of the sun's apparent diameter. 

To understand this, let us suppose figure 97 to re^ 
jMsent, in an horizontal projection, every thing relat- 
ing to the phenomenon : that s ^ is the sun's diameter; 
on the diameter of the aperture in the window* 



* Opto LiKii, tek i, ]Mit IrpropM. f, Ator. f. 
VOL. II. O 



shutter; inZftQr, two rays whicb, issuing from itie 
extremities of the sun's diameter, proceed, after inter- 
secting in ^, to pass by the extremities of the hole 
sokt tnef two other rays going directly towards th 
game extremities, so as not to cross till they arrive 
on the other side ; and lastly, that rz is the line 
whieh these different rays terminate on the walls : ih 
^penumbra will be measured by the Hnes e r, A r* 

Now lei abed be the projection of the prism; thi 
projection will be a rectangle, because of the horizon 
tal position of the prism. In another view, it is o' 
vjous that the refracted rays and the emergent rays 
will remain in this same plane, and that besides they 
will issue from the prism in directions parallel to theifHH 
first directions : and as the incident rays meet the 
prism almost perpeadicularlj^ on account of the, 
minuteness of the tngle which they make with eac|j^ 
other, we mny suppose, without sensible error, the 
emergent rays to remain on the prolonged directions^ 
of the incident rays. V 

Now Newton, having taken off from the breadth, r r, 
of the image, the part gr, equal to aw, found that the 
angle gnz, which is apparently equal to the angle 
fyz* or the angle was about half a degree* 

With the image eontsidered lengthwise, it w^a*^ very 
different; it was about I0| inches in this direction, 
and the rcfringent angle of the prism employed in the 
experiment was about sixty-four degrees. With a 
prism having a less refringent angle, the length of the 
image was diminished, but the breadth remained the 
same* ^ 

By causing the prism to turn upon its axis, in such 
manner that the emergent rays should become more 
oblique to the tace of the prism through which they 
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^issued, he observed the unage to increase about two 
^inehesy or rather more, in the direction of its length. 

But when he gave a contrary motion to the prisin, 
which augmented the obliquity of the liicicient rays 
with regard to the face of the prism through which 
they entered, he observed that the image became con- 
tracted by an inch or tw^o, and always in the direction 
of its height. 

680. Now, according to the received laws of optics 
of that period, the length of the image, when it was 
become stationary, ought to be equal to its breadth, 
that is, the image ought to be circular : for let a d 6 
(fig. 98) be a vertical section of the prism; rf, xm, 
two incident rays that proceed from the extremities 
of the sun's diameter, taken also vertically, and which 
cross before they pass through the hole in the window* 
shutter : further, let tn A, ft, be the refracted rays ; 
hp, in, the emergent rays; and pu the length of the 
image, delineated on the wall. 

We have said (675) that when the image becomes 
stationary, the refractions are on both sides equal. 
This limit relates to the point, t, situated nearly in the 
middle of the image, and answering to the ray yrst, 
whose refraction is a mean between those of ail the 
other rays above and below ; so that it is the emergent 
ray s t that is inclined to a c, in the same 'degree as tiie 
incident ray y r is inclined to be; and the image is 
considered as stationary when, during the contrary 
movements of the prism, the point t ceases to ascend 
or descend. 

But, on the hypothesis of all the rays being equally 
irefrangible, the refraction at m would be equal to that 
at t,,aiid the refraction at equal to that at A* ; from 

Tiie.aii^c of incidence, ymq, of the ny jfm, is rather less than the 
ang^ of incidtece, yrt, of the mean ray y f$ because the perpendiculars 
e g, X X, $ft p^riUel X» each other,^ aid r y cwTerffs towards m y. Htncc 
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which it follows, that the inclination of the emergent 
rays hp, it/, one over the other, would be the same as 
thfit of the incident ray si ym^ gfy that is, about J a de- 
gree; and as the shght deviation which the rays 
mhf f^i, would experience in the intjerior of the prism 
might be neglected, because the incident rays are 
nearly parallel, it results that, on the same hypothesis, 
the length of the image ought to be equal to the 
breadth, or in other words, the image ought to appear 
circular. Therefore, since it is five times longer than 
ic is broad, the rays y/w, and the intermediate 
ones, must he differently refrangible ; and those which 
form the upper part, of the image (fig* 98), more so 
than thode which form the lower part, 

681* Now, EHch was the distribution of the colours 
of the image, that its most refrangible extremity, Pf 
exhibited violet, while the opposite extremity, the 
refraction of which was the least, presented red, and 
the parts between, reckoning from the red, were suc- 
cessively orange, yellow, green, blue, and indigo. 

If the prism were removed to a certain distance 
from the aperture in the window-ihutter, and the hol^* 
were looked at through the prism, disposed as in the" 
preceding experiment, there was seen in like manner 
an oblong and coloured image, in which the most re* 
frangible colour was violet, and the least refrangible 
red J and the intermediate colours, counting from tlm 

ftliD tht anpl*^ of rf fTactimi^ hmt.U lesi than stj; therefore, m h dircrgci 
a little with respect ton; mhd U grratef ih^ii r^h, and phe greater 
than tsL hy u liinilar traia of reusoning ^e mKy prove ^ that y fy Ji 
greiiter than if 7 2, nad i/> jffeatcr tliati srxi whence It fdlowi, chat/* 
iLiverges alio with rejpect to t s. Therefore* fi n h smaller than TtK qnil 
u i 0, than i * L Con?<?qit^tlj, each of the angles y m f , acd u i p, is leif 
than either of the equal angles ytz, &nd til; aritd each of the atigl^ 
jMiU phft i» greater tliaii either of the anglcj j r i, and ti L New in ih« 
LiiSC of the limit, and suppoiing the raji equally refrangihlc, the deerementi 
ifcTf equali u well ai the itLcrementf r Hence, ymq^uia, and yfyi^p h e. 
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-violet, w^re the same, indigo, blue, green, yellow, and 
orange. 

fi8£. It followed from these experiments, that, ceteris 
paribus, tlie rays differ remarkably from one another by 
their degrees of refrangibility. But whence did this 
difference arise i Was it the effect of a constant and 
uniform law differently modifying the refraction of dif* 
ferent rays ? Was it to be regarded as accidental ? Or, 
lastly. Was the opinion of Griraaldi to be adopted, ^ 
according to whom each ray dilated and spread itseir 
like a fan ) These were questions still undecided, and 
to find their solution it was necessary to have recourse 
to new experiments. 

Newton judged, that if the lengthening of the image 
were occupied by the dilatation of each individual ray, 
or any other deviation of a like kind, the image, when 
refracted anew in the lateral direction, would extend 
over a breadth equal to its length. To prove the 
effect of this second refraction, leaving the apparatus 
arranged as in the preceding experiment, he placed a 
second prism behind the first, but in such a manner 
that the axis of one crossed that of the other at right 
angles, and the light refracted upwards by the first, 
was afterwards refracted sideways by the second ; and 
he remarked, that the image retained the same 
breadth; the only difference was, that its position 
was a little oblique with respect to the first. 

683. This result had brought things to the point 
where nothing remained but to draw the inferences 
which the developement presented as it were of itself 
to the genius of Newton. Let us endeavour to follow 
here the course of his ideas. The stream of light en* 
taring by the hole in the window^hutter, is composed 
of' rays which, by their nature, have different degrees 
of refrangibility. This stream, received immediately 
gn the wall, without any intervening prism, forms on 
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it a luminotts' circle, in which the extremities 6f all 
the rays are every-where united and mixed with one 
another. I^lace to meet the light a prism with its 
axis parallel to the Horizon, the effect of th<e hbrizoh- 
tal refraction being to make the rays issue in direic- 
tibns peurallel to their first directions; whatever be 
their degree of r^frangibiUty, therie will result no sen- 
sible separation of the rays in that direction. But' th6 
rays situated in one and the same vertical plane strik- 
ing, in diferent inclinations, the two faces of the 
prism that form the refringent angle, will sepiiMA 
from one another by the effect of refraction. The 
/most refrangible of ail, if they existed alone, would 
form on the oppositie wall a circular image, or nterly 
go. The least refrangible, if they too existed alone, 
would exhibit themselves in a circular aspect, the po- 
sition of which would apparently i;e a little lower than 
that of the first. Imagine between these two circles 
an infinite number of other circles, projected by rays 
whose refrangibilities form a series of intermediate 
degrees between those of the two extrej-e circles, and 
conceive further, thai all these dir erent circles fall at 
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thft drde they will project on the wwH will hure ita 
new position a little to the right or left of the preced* 
iagt and the more so as this circle shall he produced 
bj rays that have a greater degree of refrtuigibility. 
Let OS suppose, that in consequence of the position of 
tiie second prism, the deviation of each circle should 
be firom right to left ; and let us conceive a vertical 
fine traced on the wall and passing throng the centres 
of the different circles, of which the image proceeding 
from the horizontal prism alone was composed : the 
centre of the circle produced by the most refrangible 
mys will be the most remote from this vertical line, 
by virtue of the reiraction of the second prism ; the 
circle that will have deviated the least will be thftt be* 
bNiging to the least refrangible rays, and ail the inter- 
mediate circles will be more or less distant from the 
vectieal, to the left, according as the rays whijdh pro- 
doce these circles shall be more or less iiefrangible : 
whence it follows, that the different centres will be 
'fhrmed on an oblique line. We may conceive ako, 
that the length of the image will be rathf i: increased, 
sinee it is included between the same horizontal liners 
IS before, but is placed obUquely with rcigard to 
themu 

Newton having placed a third, and even a fourth, 
prism, behind the second, to multiply the lateral re- 
fractions, always obtained the same result, without 
any sensible increase of the image as to its breadth. 

New experiments, the detail of which would lead 
us too far, are brought in aid of the precedin|; ones : 
snd what strength does truth derive from tbdr com- 
bination, when there is not one that, considered in 
itself, does not appear superior to the others I 

685. It remains for us to speak of those which have 
reflected light for their object; and we have here 
again proof heaped upon proof* JNewton havii^ 



takai « tmngnlat pntm^ the refnngrot angle of whiA 
wa« 90% aad each of the other two 43°, received & 
solar my on ooe of the face^ that formed the refritig* 
ent angfe^ the position of the pmm being such that 
the emergent rayi issued throngh the base, which wai 
taraed towards the horizon. Now, from what we hare 
said before (647)^ a portion of the rays which met this 
ba&e was reflected at its interior surface, and came 
out at the other face of ihe refringent angle, while the 
part that escaped refraction, on passing agam into the 
Mitf became refracted* The reflected mvs fell on a 
si!^eond prism, and, after being refracted in crossing it, 
formed a coloured image on a sheet of paper placed 
at a proper distance 

In proportion as Newton turned the first prism on 
its axisj the different colours of the image increased 
successively in intensity, beginning with the violet and 
ending with the red ; and tlie following were the con^ 
frequences resulting from this gradatioti. 

The rays which heightened each colour produced 
this effect merely by escaping from the refraction that 
took place un the issue of light from the first prism, 
and then mingling with the reflected rays that passed 
' to the second prism ; and the tone of a colour was at 
its greatest height, at the moment when the refraction 
of the rays belonging to that colour was changed into 
total reflection (647) f. Hence we see, that the light 
reflected on the interior ba^ of the prism, united to 
itselfj, one after auotherj the additional rays relating to 
the different colours, proceeding from violet to red, 
that isj beginning with the most refrangible rays^ and 

• OptJce LiKiSj book i, part 1, e^pcr. 9. 

t It is evident that the inclmiilion of the prUw, r«qiiiaite for Ibe tot*3 re- 
fif ctioD of the rays of each colr»ur, varied according to the ^itTfersity of co- 
lours ^ 10 that to each degree of incJination there vas a corresponding max* 
imum of iQteiuilry relative to & particuiar cdour. 
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ending with those which were least refrangible, Ac- 
cordinglyy in diis experiment, the reflected light be- 
came gradnally composed of rays variously refrangible. 
Now this light difiered in no respect from that of the 
incident rayi which came directly from the sun, for 
reflection is simply a deviation of light, which does 
not alter its nature. The experiment in question 
served, therefore, to confirm, in some sort, by the 
way of synthesis, that which the preceding had esta« 
blished by a contrary operation which may be com- 
pared to analysis. 

The same experiment shewed, that the rays which 
were most refrangible, were also the most disposed to 
reflect themselves, and that the least refrangible were 
those that had the least tendency to reflection. 

The. results we have mentioned, lead to new consi- 
derations, that will enable us still more completely to 
iathom this important subjecti 

686. When we speak in pbilosoj^y of red rays, blut 
rays, violet rays, &c. we are far from supposing that 
the. rays are really coloured; such language expresses 
nothing else than a certain disposition pf ,the rays to 
piodpee in us the difierent sensations which we de- 
signate by the terms red, blue^ violet, &c. The ex- 
periments we have related merely prove that there 
exists in a beam of light coming to us directly from 
the gun, a certain portion of homogeneal rays adapted 
to produce in us the impression of violet , and which 
we therefore call tnolet rays for the sake of concise- 
ness ; another portion of rays, in like manner homo- 
geneal, w^e call blue rays ; and so through the whole : 
and these experiments teach us further, that the violet 
rays, blue rays, green rays, &c, have different degrees 
of refrangibility, from the violet, which are the most 
refrangible; to the red, which are less so than any of 
the others. 
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- But here, as in many other natural phenomena^ lli^ 
law of continuity takes jdace (note to par. 183), that 
19 to say, the refraction goes on diminishing, by im- 
perceptible differences, finom the violet to the red; 
and thus the cone of light which crosses the prism, is 
resolved there into an infinite number of cones, whose 
axes form with each other very small angles, and 
hence it is that the bases in a great measure cover 
one another in the coloured image formed by their 
aggregate. The colour of the rays varies also by 
shades from cone to cone in such manner that the 
shade may be referred to seven principal kinds of co- 
louts, which are tiolet, indigo, blue, green, yeUow, 
orange, and red, Newton expresses himself on this 
point in Hie clearest terms ♦ ; though, judging from 
the exi^anieition which philosophers in general have 
given of bis theory, it would seem as if be ad- 
mitted in light but seven perfectly decided ccdoUrs, 
succeeding each other abruptly, without transition or 
shade. 

687. The mixture of all these shades, some of #bich 
encroach upon others, in the coloured image pcodtteed 

by rrfriirtion, ren^lfTs this inumt% t11^'ref^>reH iin ex- 
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o ^Israiplish this object, at least in a considerably 
degree, a small Hole is made in a window-shutter, and 
at the distance of about twelve feet from the aperttfre, 
a lAiticuIar glass is placed, and beyond the glass a 
sheet of white paper, at such a distance that the light 
fefiriacted by the lens might represent distinctly on the 
j^per the image of the hole made in tKc window* 
shutter: now the effect of this lens is to contract- 
^atly the image in question. Lastly, there is placed 
l^hind the lens, at a short distance, a ptistn that pro- 
jects, either upwards or on one side, the coloured' 
unage of the sun. Then the different circles which' 
constitute this image being themselves considerabljr 
^minished in size, separate from one another, and the 
more so as the breadth of the image is small in pro*' 
portion to its length. Newton succeeded in rendering 
(he image seventy-two times longer than it is broad ; 
so that each of the colours of that image might be 
considered as iiearly approaching to simplicity and 
homogeneity 

In reality, the colours in this state can no morie be 
sensibly changed by any refraction. For example, if 
the coloured image be received on a sheet of black 
paper with a small circular orifice in it of about four 
niilfimetres, or two Unes in diameter, and if, having 
ciitned tbe portion of the image transmittted by this 
hole to pass through a second prism, we make it fall 
perpendicularly on another sheet of white paper,- no 
difference is observable between its length and breadth, 
but it appears to be of an exact circular form ; which 
proves, that all the rays that compose it are refracted 
regularly, and in the same degree. 

688. Here a new subject of enquiry presented Itself, 
fhat of comparing the laws of the psurticular refrac- 
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U\;u», mhich the different colours of the image under- 
^CQC, either with one another, or with the grneral lew 
oi retraction. When philosophers were assured from 
experiment, that the sine of incidence was in a con- 
stant ratio to that of refraction (641), they thought 
that all the rays of light were refracted by the same 
quantity, under the same incidence ; but the truth is, 
that the rays are unequally refrangible, and the re- 
sults obtained b}' these philosophers must be regarded 
as a kind of middle terms between all the refractions 
of different rays ; so that we can only conclude from 
these results, that the green rays which answer to the 
middle of the coloured image of the sun, being separ- 
ated from the re$t, should have their angle of refraction 
constantly ia proportion to their angle of incidence^ 
Newton has made direct experiments which prove 
that the ratio is in like manner constant for the rays 
of all the colours ; and this may strictly be demon- 
strated geometrically, from the supposition, infinitely 
probable, that the action of bodies on light exerts 
itself perpendicularly to the surface of those bodies ; 
for, on this hypothesis, we may apply to any kind of 
rays the general demonstration we gave when speak- 
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he wai assisted by a friend whose eye was w^ll 
.disciplined in .distinguishing colours, he marked on 
the coloured image the limits of the seven principal 
colonrs, by drawing the diameters of the two extreme 
circles^ of which one gave violet, and the other red^ 
and then dividing the intermediate space into seven 
parts, by lines parallel to those diameters: lastly, 
having extended one of the rectilinear sides of the 
image beyond the red, till the prolongation was equal 
to the distance between the diameters of the two ex- 
treme circles, he measured the distance between each 
transversal line, and the extremity of the prolonged 
line, beginning with the diameter of the violet circle, 
and proceeding successively from violet till he came 
to red, which made in all eight distances. Now he 
found that these distances were to each other, as the 
numbers I, |, f , ^, -f^y i ; and the series of these 
numbers had this singular property, that it was similar 
. to that which represents the intervals of sounds, ut, rf, 
mi-iemolf fa, sol, la, si, ut, of which our musical scale 
is formed, taken in the minor mood *. 

It results from what has been said, that the division 
of the line on which Newton marked the limits of the 
seven principal colours, was the same as in a mono* 
chord, the different lengths of which gave the seven 
pounds of the gamut belonging to the minor mood. 
This confonhity of proportions has led some philoso- 
phers to suppose, that there was a real analogy be- 
tween sounds and colours ; but it is here rather an ac- 
cidental analogy, and there are stubborn reasons be- 

* Optke Lads, boolr i, put 2, propos. 3, prob. 1, exper. 7. The sixth 
'lelalSoB ^ diflbn a Ihtlc from the relation ^ which antwen to it iii 
our gamut (SM); it giret (br t i a ioand rather lowar than that which we 
hav« airigaed. 
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«ides, which will not yield to thepr«tepsion gf makio^ 
5*olour8 sing (k). 

Newton had previously ascertmncd^ by .means of 
sinpther experiment, the ratio between the »ine of re- 
fraction of the least refrcmgible rays of the solar 
tpectrum, and that of the most refrangible rays, under 
the same incidence. If we denote the sine of incid- 
ence by 50, we shall have 77 for the sine of refraction 
of the red rays, and 78 for that of the violet rays. 

Now in tlic division of the coloured image wbich 
gave the limits of the adjoining colours, the portions 
of the transversal lines, which answered to those limits, 
were determined by the points of the wall on which 
the extremities of the refracted rays relative to the 
same limits fell; and from the minuteness of the 
angles which these rays formed with one another, one 
might take, without sensible error, the distances be- 
tween the points of the wall where they terminated, 
or, which amounts to the same thing, the distances 
between the limits traced on the image, for the suc- 
cessive differences between the sines of the angles of 
retraction, in passing from the glass into the air ; ac- 
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pordii^Iy^ by dividing ihii difference between the 
tiuinba:s 77 and 78 into parts proportional to the in* 
teprals between the limits of the colours of the iniage, 
ikere would be 77, 77i, 77i, 77h 77h 77h 77^ 78, to 
txpress the sines of refraction of the different rays re- 
lative to one and the same sine of incidence expressed 
by 50. Hence it rcsultcdj^ that the sines of refraction 
of the red rays relative to all the shades of that colour, 
extended from 77 to 77^, those of the orange rays from 
77i to 77^, those of the yellow rays from 77| to 77if 
and so on, for the green, the blue, the indigo, and the 
violet Tays. 

690. There arc therefore in light, rays of an infinite 
number of shades different in colour, of which each is 
subjected in its refraction to a proportion between the 
-sines which is, as it were, inherent in it, and experi« 
ences no alteration. These rays, which differ both in 
their tints and their degrees of refraction, ought to be 
considered as heterogeneous, since when they meet all 
at once, under one and the same incidence, the sur- 
» face of one and the same refringent medium, they ex- 
perience on the part of that medium different attrac- 
tions, which imply a diversity in their modes of being. 
The mixture of all the colours forms the light which 
we call white; so that it is merely necessary to suppress 
ioi this light some of the colours which compose it to 
produce a particular colour, which will vary according 
to the number and kind of those which arc permitted 
to remain. Thus, if we receive on a lens the differ- 
ently coloured rays which diverge on coming out of 
thQ prism, and place a sheet of white paper beyond 
tWs lens, where the rays which it has rendered con- 
vergent unite in a common focus, the luminous circle 
which they form on the paper will be a white colour. 
Things being thus arranged, if we place between the 
lens and the prism an opaque body, that intercepts 
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©nc or more of the colours refracted by the pnsm, th 
rhite light received by the paper will mstanrly giv 
place to a colour, either simple or mi:ced ; for ex 
ample, if the violet, the blue, and the green, be inter 
ccpted, the other colours, that b, the yellow, th 
orange^ and the red, will form a compound colour, 
which will be a fine yellow : suppresa on the coutrar 
the last three colours, aid you will have a mixture a 
violet, green ^ and blue, which will border on the c 
3ur of green* In all these variations the rays do n 
change their quality, nor do they act on one another, 
riiey merely mix together in different proportions 

691. These consequences were confirmed by a new 
experiment of New ton \ the idea of which he derivect 
from a well-known observation. It consists in this 
The impression of light on the retina is not an instant 
taneous effect, and hence it is^ that if you make ^ 
burning coal tui^n rapidly in the air, the eye will see 
circle of fire that will appear fixed during the motioni^ 
for in that case the impression made from the first in- 
stant on a determined point of the organ, by the lightJ 
issuing from the coal, continues till the ray returns to- 
the place where it was when the impression was 
made, and thus the sensation is renewed continually, 
without having been destroyed. From this observa* 
tion, Newton proposed to try if the different colourt' 
of a solar spectrum might not act on the eye by suc- 
ceeding one another so rapidly, that at the instant of 
each impression, the traces of preceding impressions 
being not yet effaced, the resuh might not be the 
same as that of a single sensation produced by a per- 
manent white colour *. 

To verify this idea, Newton provided himself with 
an instrument which had the form of a comb with 
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ftixte^n teeth, about forty millimetres, or an inch and a 
half broad, and the intervals between tooth and tooth 
eieu^h of about fifty-four millimetres or two inches* 
Haying caused the rays which had passed through 
a prism to fall on a lens, he disposed a sheet of paper 
bejrond the lens at such a distance that the sun's 
image appeared > white there, when the rays passed 
freely from the prism to the lens. He then placed in 
succession the teeth of the comb immediately before 
the lens so as to intercept a part of the coloured rays 
which were on the point of entering it, while the other 
irays, which were permitted to pass through it freely, 
painted on the paper the circular image of the sun. 
Thh image then lost its whiteness, and constantly 
aisumed a colour composed of all those of the rays 
which had not been intercepted, and this colour varied 
continually with the position of the comb, but when 
Nen^ton gave so rapid a motion to the comb that the 
quickness with which the impressions of the different 
colours succeeded each other, no longer gave the eye 
time to distinguish them, he saw neither red, nor 
yellow^ nor green, nor blue, nor violet ; but the con- 
fused mixture. of all the colours occasioned the sensa- 
tion of a uniform whiteness, of which, however, no 
part was white, every colour still preserving its ex- 
istence there apart. Now, when afterwards he with- 
drew the comb, there was no alteration in the mode 
of existence of the white light which the eye still per- 
ceived on the paper ; only all the colours in this case 
acted at once on the organ, whereas, when the comb 
was employed they acted in succession, but with such 
Tery small intervals of time, that they were equivalent 
in effect to a concourse of simultaneous actions. 

692. In the coloured image produced by the refrac- 
tion of the prism, the orange was situated between 
the yellow and the red, and the green between the 
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blue itid the yellaw. Now we know that by arti 
Cialty milling yellow wiih red we obtaiQ aa orange 
i^lour, anil n green colour by mining yellow with 
Thift fant ha^ led some philosophers to sup- 
§€f that orange and green, produced by the refrao^ 
tion of liglit tfirough the prism » proceeded from the 
lixtnrc of the three neiglibouring colours, and ougLi 
to be iiippri'Mied in the order of homogeneal colou£l^|| 
Hut thin idea h manifestly contradicted by experi- 
mrnt ; for if you keep apart the green rays of the 
iinngei by hitercepting the other colours, and cause 
^cie ruyst to pass through a second, a third, or a 
fourth pri»m, they will constantly retain their green 
1S*Jlqu^ On the contrary, if you intercept the green, 
tetl, liid violet, rays, and leave the yellow and 
tiluc only mixed together in the focus of a lens, by 
the proee^^ which we hfive before described (687), 
thi*y will eou**tHutly prc<ier%*e their green colour; but 
c«n%t^ t\m colour to pass ihrough another prism, and 
it will itiHtantly resolve itself iiUo its component co- 
luuri, m thut the blue and the green will be painted 
•rpurtttely cut a theet of pa[»er placed be3'ond the 
iwond pviiim* It is imforiunate for the opinion in 
quofttioiii tliia the red should be so remote from the 
viiilvtf whieh in ^^ituatctl by the side of the blue ; for 
m%\in if nnifirinUy termed by a mixture of red and 
Id^e; and %\v ntny ftcwnhngly compose in painting a 
iivrt %\t imtmmi t»f tite colauied image exhibited i 
iht^ t vitrilMirut, by merrly employing three colou 
lrd« ^vt'lloWft mid blue: atid ind^^ed histur)' teaches 
llrnt ihr auoinil (Miiulw wrought for a long tim 
null ilif»*t* tHibum iHiIy This facultj, of dou 
imivli Willi ititlei tMy (Mmibly be a source of wealtli 
III iKr *rl» \m il Itwdtering Nature truly poor^ 
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to confine her operationt- to the narrow limits of our 
aitificial methods. 

We shall proceed now to the consideration of cer- 
tain phenomena produced by tHe separation of the 
different. colours of which direct light is the assem- 
blage. 

^ 693. Let us suppose that we sec through a prism, 
a be, (fig. 96, pi. XIV), a neighbouring object, such 
ai a sheet of white paper of a certain size, situated ver- 
tkrally, and of a rectangular form, having two of its 
borders parallel to the axis of the prism. The posi- 
tion and figure we have mentioned are chosen merely 
to reduce the experiment to a simple case ; and what 
we shall say respecting it, may be applied, with due 
allowance, to all the other cases. 

From what we have said (678) of the refraction of 
fays through a prism that turns on its axis, we may 
conceive, that, according to the different motions 
given to the prism, the image of the paper will be 
seen in the position where it becomes stationary, or 
rising above that position, or sinking below it. Now 
in each of these positions the upper border will pre- 
sent successively, and in a descending order, four 
bands of different colours, of which the most elevated 
will be pure red, and the three others mixtures of red 
and orange, of orange and yellow, and of these three 
cokmrs combined with green. The lower border will 
exhibit four other bands which, taken in an ascending 
order, will give pure violet, then violet mixed with 
indigo, then those two colours united to blue, and 
finally, the last three colours united to green, and the 
intermediate sp^ee will be white. 

To explain this effect, we shall observe, that from 
all the different points of the paper there proceed rayp 
of every colour, which, after being refracted by cross- 
ing the prism, axe directed towards the eye in thp 
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fdrm of a iort of pyramid, whose summit Is in the 
pupil* Let us suppose there existed red rays only : 
the whole surface of tlie paper would appear tinged 
with red ; and each of the other kind of rays, if it 
existed alone^ would give to the surface of the paper 
in like manner its own tint. Now let us unite all the 
colours, and we may consider the images which they 
tend to produce, each separately, as so many rectangles 
of seven difTerent colours which encroach a certain 
degree one in the other by their upper or lower bor- 
ders, ownng to the difference of the refractions* Now 
in this encroachment, as it were, of one colour upon 
another, the red will be raised a little above the 
orange, the orafige above the yellow, and so through 
the series, in such a manner that towards the opposite 
border the violet will sink below the indigo^ the indigo 
below the blue, &c. 

Hetiee it results, that the upper part of the paper 
iRrill be Terminated by a band of pure red, that below 
ihlB baud tiiere will be a second mixed with red and 
orftnge, then a third of red, orange, and yellow^, and 
a fourth of red, orange, yellow, and green. If we 
lake the colours afterwards in an ascending order, we 
may conceive that the loner part must be bordered 
with a band of pure violet, above which will be an- 
other mixed with violet and indigo, then a third of 
violet, indigo, and blue, and lasily a fourth, of violet, 
intligo, bhie, and green. In the space between this 
fiiurtb band, and that answering to it among the upper 
band!*t all ihe colours being mixed will produce white- 

We nuppose here, as we have said above, the paper 
lo have a certain extent; the less considerable its 
height, the more distinct will be the colours from one 
another* and the nearer will they approach to the 
arrangement that takes place in the coloured image 
protluced by priuuatic refraction, by means of the 
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ordiaarj experiment : so that the height may be so 
inconsiderable as just to permit the different colours 
to succeed one another without any white interval. 

The Rainbow. 

694. Light, which embellishes with so much magi* 
nificence a pure and serene sky, by meaps of the in* 
numerable stars that are spread over it, sometiipes, in 
a dark and cloudy sky, exhibits an ornament, that, by 
the pomp, splendour, and variety of its colours, seeim 
to attract the attention of every eye that has an op- 
portunity of beholding it. In this short description 
the reader will easily recognise the rainbow. We 
know that this phenomenon never takes place but 
when a cloud opposed to the sun dissolves in rain ; 
from which it follow^, that to observe this spectacle 
the bagk of the spectator must be turned towards the 
sun. Trequently there are two bows ; an inner one, 
in which the colours are more v^vid, and an outer one, 
in which they are paler : each exhibits the same series 
of colours as the imuge produced by the prism, that 
is, red, orange, yellow, green, blue, indigo, and violet ; 
but red is the uppermost colour in the interior bow, 
and violet in the exterior bow. Both the bows de^ 
pend upon the refraction of light combined with its 
reflection ; and they are never seen but when the in- 
cident rays form with the emergent rays a certain 
angle, which we shall presently specify. 

695. Antonio de Dominis appears to have be^n th% 
first who attejnpted, with any degree of success, to 
explain the rainbow philosophically. He imitated this 
phenomenon by means of an experiment which w^ 
shall state, and determined the different inflections of 
light in the drops of rain ; but he is not accuratu 
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this point, teifh respect to the exterior bow. D^scArtfe 
improved his statement, and gave in general more pre* 
cision to the mode of tracing (he progress 6f the ra^s. 
^nd lastly^ Newton taking up the subject, added the 
degree of perfection that was wanting, by analysing 
the distribution of the colouring, which is the soul, as 
it were, of the phenomenon. It is upon Newton's 
principles that We shall found our explanation. 

698. Let fzp.q (fig. 100) be the circumference of a 
gireat circle formed by a section made in a transparent 
globe of a density greater than that of the air. Having 
drawn any diameter, as /p, let us suppose that a beam, 
y f, of incident homogeneal rays, situated first in the 
direction /p, rises parallel to itself along the quarter 
of the circle fz : this beam, being arrived, for ex- 
ample, at a 6, will be refracted at the point of in- 
cidence, in a direction such as bd, and will then be 
subdivided into two parts, of which one will repass 
into the air, and will there be refracted again, while 
the other will escape refraction, bjr refiecting itself 
from tlio interior concavity of the circle, in such a 
dirtvtion, d that the arch dqt will be equal to the 
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double the arch dp*. Now in proportion as 
ascends along /A Xf dp itself goes on increasing as far 
as a certain limit, beyond which it diminishes. This 
will appear by considering, that the angle of incidence 
always increasing in proportion asy/ rises, if we take 
two incident rays, as e A, a b, the refracted ray, /i r, 
which belongs to the first, will necessarily incline to- 
wards b d, which is the refracted ray relative to the 
second. Now as long as the part of the quadrant, 
fhz, which the incident rays meet, is a little inclined 
to the diameter fp, the ray A r is entirely above the ray 
bd, even supposing the arch 6 A extremely small: but 
in proportion as th<^ arch becomes more oblique, the 
ray A r inclines more towards bd; so that there is a 
term where the extremities of the refracted rays coin- 
cide in a common point; and beyond that term'4he 
two refracted rays, such as A^, if u, (fig. lai, pi. XV), 
which belong to the incident rays, e A, us, cross each 
other; whence we see that dp (fig. 100, pi. XIV) 
goes on increasing as far as the term where the points 
r, rf, become contiguous, and afterwards diminish from 
that same term, to which the maximum of the angle 
axm answers^. 

697. Let us call to mind here the observation we 
made before (675), that the variations of a quantity 
when it approaches its limit, or only begins to deviate 

* Having drawn r I to pas« through the centre, and consequently, to oc 
Into two equal parts the arch 6 1, we shall have for the measure of a^w, |J 
(ht^go)^bf+fl--dg^gp+dp^dg==dg+dp + dp^dg^^dp. 

t The more oblique b the part of the arch which the incident ra^s meet, 
the more the dilTerence between the incidences at the two extremSHes of 
one and the same arch, bh,kt, &c. (fig. 101, pi. XV) increases^ thcsc^rohea 
Wing fupppfod eqnaL Besides, it is manifest that 4he rays th, f|s» are 
nearer to each other than the rays ah, eh. Now these two causes tend to 
increase the tespective inclination of the two refracted rays ; tod such is tliis 
increase af last, that the rays cross each other. 
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from it, nearly la^etistble. Now x^-c concludr fmm 
thin, that in the vicinity of the point \?here the de- 
greei of increase by iihich the refracted rays incline 
over ^ach other are almost infiniiely small, the density 
both of the refracted ajid reflected light at the con- 
cavity of the circle is much greater than any-where 
clie; whence it follows, that the convergent rays pro- 
l^cding from that same light, snch Rstm^ ik, 8tc, 
(fig. KM), wilt be themselves more abundant in a small 
given space. 

On the otlier hand, all the emergent rays will be 
npparently parallel to one another, because the re- 
fracted rays meet in one and the same point* If, 
therefore, we suppose that refracted rays fall at the 
5ame time on all the points of the quadrant /A and 
that the eye of a spectator is situated at the point o, 
on a line passing between mt and A i, that eye will re- 
ceive many more rays than it would do if it were situ- 
ated an j-w here else ; partly because those whiqh arc 
in the direction of the eye ^re accumulated in greater 
iibunthmcc, and also because, being parallel, more of 
tliem will enter the pupil, than if the eye were only 
in the way of those which issue, tli verging, from other 
poi)Hs included between /and 

To those rays whi^h accumulate in a manner in the 
vicinity of the limit the name of effect aai or ejfkacious 
rm/jf has been given, from their being the only ones 
which mnke a very sensible impression. They may 
be likened to those which a concave mirror or a lens 
cdlecti in a common focus, where their force is con- 
centrated. 

ilW. TUv rays which are reflected from the point d 
in ihi* [Hiiat do not all repass into the air; some of 
ihmn wre refleetccl a second time at the concavity of 
the ciule, Po that the light nndergoes in succession 
|W0| ihrcct four, &c* rcHegtioiis, at each of which 
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there are a certain number of rays that return into 
the rarronnding atmosphere. 

699- Let us then suppose that a beam of light, h p 
(fig. 102), undergoes in the interior of the circle two 
reflections, by which a portion of the refracted rays 
moying in the direction p/y is sent from f to o, then 
from o to n, and returns into the air in the direction 
mm, which, at the point z, crosses the incident ray 
hp; the angle mzA, or nzp, will also have a limit, 
which, in the present case, will be a maximum ; and 
it will be at this limit, when, taking a second incident 
ny near to the first, and which will of consequence 
undergo in hke manner two reflections, one from 
gtod, the other from d to b, we shall have o f pa- 
rallel to dg; from which it follows, that the emergent 
nj ba, will also be parallel to the emergent ray mn; 
and by applying here what we have said (697) of rays 
that experience but a single reflection, we shall und<^« 
•tnad that an eye placed in the direction of a line 
drawn between m jt, and b a, will receive many more 
nys than in any other position, as it will be ii^ th^ 
direct path of the eflicacious rays. 

700. Now if we suppose the incident light to past 
from idr into water, the maximum of the angle axm 
(fig. 100, pi. XIV) will obtain for the red rays, when 
that angle shall be 42^ 2! ; and for the violet rays, 
when it shall be 40° 17". In the same case, the arch 
b f which measures the angle of incidence of the ray 
« b^ since a b and fp are parallel, is 59^ 24^ (ar). 

As the analjtical calculus from which these angles is deduced is 
cwnpanrtiTeiy simple, it uiay be gjven in this note. The principles cm 
vkidi it d e pends are as follow : 1. The effective nys which em^ige after 
one icBectton, have thctr angle of incidence so ordered, that hs nascent 
lm«r.f,ot or snuUest increase is double the contemporary increase of the, 
^g>r of reftacCioa : for the nascent increment of the angle of incidence is 
aft tiM centre, while that of the an^k of refractioo if at the periphery, an4 
Mb BMist iipoQ the same arph, 
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On the other part^ the minimum of t^e angle mzk 
(fig. 102, pi. XV), relative to the red rays, is 5(P 5Tf 
and relative to the violet rays, 54^ T ; the angle of in- 
cidence of the ray hp being then 71° 54'. 

701. Let us now conceive a spectator whose eye is 
placed at O (fig. 103, pi. XVI), and four globules of 
water, df^ ac, kr, gl, so situated, that the solar rays 
S d, S fl, S r, S after two refractions and one reflec- 
tion in the lower globules, form with the emergent 



2. The tangents of the angles of inctdeuoe and refraction of the tS^cad- 
•OS rays, are to each other as 2 to 1 when they emerge after one reflection: 
for, in two angles whose sines are in a given ratio, their contempory incre* 
Bents' are as the tangents of those angles. 

5. Hence, in the present case where the mediums through irtiidli the ny 
passes are water and air, we have merely to find those angles whose nam 
are as 4 to 3, and their tangents as to 1. 

Geometrical solutions of the General Problem of which this is s particu- 
lar instance, may be seen at pa. 343, Simpton*s Atgehra, and pa. 118, Smp" 
§im^$ Sekct ExercUts. But the case before us may be solved algebndcally 
thus: 

Let cos. I, cos. R, be the cosines of inddence and refraction respectively; 
then the squares of their sines will be 1— cos.^ I, and l~cos.* R, raitius 

being unity ; and the squares of their tangents will be l^^Z^t^, ud 

COS.* I 
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rays tngles equal to those we have citedy that is, 
OtS, 40° 17'; OzS, 4QP 2*; OyS, 50° 57'; and 
OtiS, 54° Ti we suppose here the rays to come from 
the centre of the sun ; and as the dibtance they trans- 
verse nearly infinite compared with that which 
separates the globules of water, they are deemed 
paralfel to one another. 

Now it is clear from what we have said before (700), 
tl&at the angle O z S of 42 2' being that which the red 
incident and emergent rays make with each other, in 
the case where those rays are most condensed, the 
cy€ will perceive the red to be the most vivid in the 
globule ac, as well as in all the others situated in like 
manner in the direction Oc. Moreover, the angle 
OxS being that which relates to the clBcacious vioiet 
rajrs, the observer will see the violet most intense in 
the globule df^ and in all those situated in the direc- 
tion Oy*; he will also see only red in the first globules, 

Tfaip transfemed into an eqaatton, gives 9—4 cos. R si 6-* 16 cos. Rc 
wlmee* we have cos.*R«»^V, and cos. R«» v^i^^y v/21« 
40» 1^ 11". Consequently, 40» 12' 11" is tho angle of refraction: 
•ad the ang^ of incidence, being that whose sine is to the sine of 
40* IV 11" as 4 to 3, is«59* 23f Hence, half the angle contained 

betweoi the incident and emergent rays, or hall' the semi-diameter of tb^ 
l>ow» it 2 (40» 12' ll")-5i;» 23* 28"«2l« 0' 54". ITie double of this is 
^42* 1' 48'' or nearly 4x* S', for the apparent setui-diaiueter of the greatest 
how farmed by the red rays. 

In the same manner, the* apparent semi-diameter of the greatest rainbow 
Wonmed by the ^nokt rays, is found to be about 40* 17* : and this subtracted 
irom 42* 2* leaves 1* 4Sf for the ap|mrent brca<ith of the bow, supposing 
the rays emanated from the centre of the sun only. But the sunS apparent 
VliamrtCT is abont 32^ ; wliich being added to !• 4^, gives 2^ 17' for the 

«ppsreat breadth of the bow, conformably to observation. 

After a nearly similar method it may be shewn that the cosine of iocid- 

«iioe of the effective rays, which emerge after any number, n, of retleclioiis, 

is to radios, as V an.* I— sin. R to V («-|-l)^— sin.* R. And from 
this, the dimeniiout of the seoondary, and tucoeeding rainbows, may be 
Mnced^Tn. 
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and violet only in the second : for the orange ray§, 
for example, whose refraction is greater than that of 
the red rays, to be effectual, ought to be so refracted 
pMt the angle, formed by the incident with the 
emergent rays, shall be less than 42*^ Q^ and greater 
than 40^ 17'; and since the angle in question is the 
greatest of all those which the same rays form, it 
cannot take place with respect to the globule a c, or 
the globule rf/, but will exist in some one of the in- 
termediate globules. It follows from this, that the 
colours comprised between the red and the violet, as 
well as the shades of those colours, will be seen alter* 
natcly in the globules situated betweep a c and df, in. 
the order prescribed by their different degrees of re- 
frangibiUty ; so that the succession of all the colours, 
taken in the descending order, will be thus: red, 
orange, yellpw, green, blue, indigo, and violet; but 
the violet being mixed with the whitish colour of the 
adjacent clouds, will thereby be weakened, and will 
border on purple. 

702. Now let OP be a right line parallel to the 
solar rays, and what is called the axis of vision. Let 
us conceive the rays Ox, Ojr, and all those belonging 
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terior how, we shall conceive that the ang^e O ii S of 
54^ 7' being that which the inc ident and emeVgent 
violet niys when acting most efficaciously make with 
one another, the observer will perceive the violet 
deepest in the globule g/. Also the angle O^S of 
50® 57' performing the same function with respect to 
the red rays, the observer will perceive the red most 
vivid in the globule k r. The other colours will ex- 
hibit themselves successively with all their shades in 
the intermediate globules, and will extend, as well as 
the violet and red, over the surface of a curvilinear 
band, Al^rH Ng, which will form the exterior bow. 
But all these colours will be presented in a reverse 
order to those of the interior bow ; so that from the 
top to the bottom their arrangement will be thus : 
violet, indigo, blue, green, yellow, orange, red. They 
will also be much fainter, because the rays which pro- 
duce them undergo two reflections, on each of which 
there are always some that pass into the air. 

704. The apparent breadth of the interior bow, 
according to the same principles, is 1" 45', the differ- 
ence between the angles O x S and O ^; S ; that of the 
exterior bow is 3° 10*, the difference between the 
Angles OyS and OmS; and the distance of one bow 
from the other is 8^^ 55', the difference between the 
angles Oy S and O z S. 

705. Such in reality would be the dimensions of 
the two bows if the sun were merely a point, or the 
drops of rain received no other rays than what came 
from its centre ; but they equally receive those which 
flow from all points of its disk, which increases a little 
the brea/lth of each bow. 

To compri^hcnd the manner in which this augment- 
ation takes place, let us observe that the sun's diameter, 
^een at the immense distance at which we are stationed 
from this luminary, subtends an angle of about 30 
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minutes (679). Now^ if we confitie our attention to 
the two rajs which emanate from the extremities of 
the diameter taken vcrticaily, we shftJl easily perceive, 
that the effect of the upper ray is the same, respeeting 
that of the central ray^ as if the sun, after produeiag 
the two bows by means of this ray alone, were all at 
once raised a quarter of a degree above the horizon ; 
and to have in Uke manner the effect of the lower ray, 
we have only to suppose that the sun sinks a quarter 
of a degree towardis the horizon. 

This premised, let (fig. 104, pi XV) be the ver- 
tieal diameter of the sun, and * sr be the ray which gives 
the red of the interior bow, as we have just explained; 
let he still the position of the eye, z the emergent 
ray, and op the axis of vision. Let us conceive the 
point I transferred to s\ so that the arch * j' shall be 
15' ; that the incident and emergent rays relative to 
the point 5* may make still with one another the anglt 
If 2fo of 42° 2*, we must suppose the incident ray 5';^ 
instead of being wholly above the ray as is seen in 
fig. 105, to cross it in some point, g (fig, 104), of the 
atmosphere. In like manner the lower ray s"^" should 
cross the ray^z; from which it follows^ that it will 
present to the eye the rad in the globule of water 
u"c''f placed above the globule ac, which gives this 
colour by virtue of the refraction of the central raj 
sz; and that the upper ray will exhibit the same colour 
in the globule a' d situated below the globule « c *. 

Now the angles /'^z, £gz\ (fig, 104), being each 
15', the angles jz^'os, zosf will be of the same value* 
But the ray z' being included in the angle which 
subtends the breadth of the interior bow produced by 

• Let us conceive Uie circumference of a circle to pass through the 
poiaN g. 1, ; rt will dio pass through the point* r', s", on the hypothewsof 
thti equal angles g z*'0» gt^t, gz*0, no that ihe tumll arc t' t^* wUl sppaf^&^J 
coindile with the breadth of the raiubifw, 
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tke Tay*- that flow from the centre s, there will thence 
be no increase in the direction of that breadth ; but 
the ray o being elevated above the ray o z, will aug- 
mestp on this side, the angle that subtended the 
breadth, by a quantity equal to 13'. By employing 
•the same mode of reasoning to the violet colour, we 
may infer that the refraction of the upper ray ought 
ako to increase the breadth of the bow by a quantity 
equal to 15', which should be added below : from 
which it follows, that the total breadth will be greater 
by SC than that which took place from the single re- 
fraction of the central ray, and will thus be 2^ 15'. 
(See note r, par. 700). 

By a necessary consequence, the breadth of the ex- 
terior bow will receive the same augmentations, and 
will be altogether 3^ 40^ ; and the distance between the 
two bows being diminished by SOf will be only 8^ 25'. 
Newton has verified these dimensions by direct ob- 
senrations 

706. We see a greater or less part of the rainbow, 
according as the sun is more or less elevated above 
the horizon. When this luminary is near the plane of 
the horizon, the axis O P (fig. 103, pi. XVI) of vision, 
which is at the same time that of the cone formed 
by all the effectual rays, coincides also with the hori- 
xaaf and the rainbow in this case appears in the form 
of a semicircle. In proportion as the sun is elevated, 
the axis O P sinks in the same degree below its first 
position, and the bow regularly diminishes. Lastly^ 
when the sun \s 4QP above the horizon, the axis being 
sunk the same number of degrees below this circle, 
the summit of the rainbow touches the horizon: 
whence it follows, that if the sun were higher, the 
interior bow would disappear, and there would only 

* Of&M iMh book i. part 2, propos. 9, prob. 4. 
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remain a portion of the exterior boW^ which would 
not disappear till the elevation of the sun should 
be 54®. 

707- If we are on an eminence when the sun is aC 
the horizon, or even below it, the axis O P will be 
elevated above that horizon, and thus the bow will 
exceed a semicircle ; and if the cloud, instead of beings 
very high, is at a short distance from the observer, it- 
may happen that the eye will perceive the whole- 
circle *. 

708. We have said (698) that the rays which enteir 
each drop of rain undergo continual reflections, by 
virtue of which they describe a kind of polygon that=- 
returtis back upon itself ; but at every contac,t of the 
rays with the concavity of the globule, some escape 
reflection by passing into the air, so that the number 
of those which continue to be reflected from point to 
point is always diminishing. We may therefore sup- 
pose incident rays so situated relatively to the bow 
they meet, that after three reflections, those of a detcr- 



• Smith's Treatise of Optics, p. 587, edition of 1767. 
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mined colour which shall return into the air being in 
the state of eiTectual rays (()97), shall direct tliem- 
selves towards the eye; and thus a third rainbow, 
more elevated than the second, will be formed : but 
the colours in this case are so much weakened by the 
loss they sustained at each of the tliree reflections, 
that it is seldom this third rainbow can be distin- 
guished, unless the part of the sky fronting tlic spec- 
tator happens to be very dark, and the sun shines 
strongly on the opposite part *. In the same manner 
we may conceive the possibility of a fourth rainbow, 
formed by rays that undergo four reflections and two 
refractions, and so of a greater number; but these 
bows can only be perceived by the eye of theory. 

Sometimes there are also seen under tlie primary 
rainbow, other bows that seldom present all the co- 
loiirs belonging to this phenomenon, one or two only 
in general being visible. Pcmberton ascribes these 
secondary bows to rays that disperse the*nselvcs, but 
sit the same time at so trifling a distance from those 
^hich produce the ordinary rainbow, that the eye is 
in their direction. Of the colours that proceed from 
these rays, some are lost in the violet part of the 
first bow, and others are seen distinctly in the space 
1>elow f . 

The experiment by which Antonio de Dominis re- 
presented the phenomenon of the rainbow consistud 
iti suspending a glass globe filled with water in a situ- 
ation in which it was exposed to the sun, and moving 
il up and down in such a manner that the angles 
formed by the incident and emergent rays varied 
from 42° to about 5 P. And in this globe the colours 
Mrete observed to paint themselves successively in the 



• MoBflcheabrock, Essai de Pliys. vol. 11^ p. 793. 
t t*einbcrtt>D*t Elements of NeWton's Philosophy. 
VOL. II. Q 
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order in which they present themselves in the globtiles 
pf rain. 

710. From the explanation we have given of the 
rainbow, it is easy to account for several effectSi 
which are ^o many copies, as it were, of this magni- 
ficent picture. We succeed in the artificial imitation 
of it, by throwing water into the air, so as to scatter 
it, turning our back to the sun. We often perceive 
its colours at the summit of a jet d*eau; sometimes it 
is {tainted On the grass when wet with dew, and some" 
times it miites its tints with the flowerii that embellish 
the fields^ 



Consideration of Colours in Objects. 

711. We have learnt, from Newton^s theory, of 
• tvhat colours considered in light consist, add we have 
found the cause of the various impressions which 
what is celled red, yellow, green, &c* produces on our 
eyes, in the different qualities inherent in the rays, aftd 
indicated by the different degrees of refrangibility of 
which they are susceptible. We have now to con* 
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or green rays, and extingmih all tht other 
kindf. * 

712. A great number of bodies are fitted to reflect 
at once several kinds of rays, and of consequence they 
^pear under mixed colours. It may even happen, 
that of two bodies^ which should be green, for ex- 
ample, one may reflect the pure green of light, and 
the other the mixture of yellow and blue. This 
quality of selection as it were in bodies, which varies 
to mfinity, occasions the different kinds of rays to 
unite in every possible manner and every possible pro- 
portion ; and hence the inexhaustible variety of shades 
which nature, as in sport, has diffused over the surface 
of different bodies. 

713. When a body absorbs nearly all the light 
which reaches it, that body appears black : it trans- 
mits to the eye so few reflected rays, that it is scarcely 
perceptible in itself, and its presence and form make 
no impression upon us, unless as it interrupts, in a 
manner, the brightness of the surrounding space. 

But for a body to reflect one kind of ray rather 
than any other kind, there must be something in that 
body which determines the preference. In what then 
does a red body difler in this respec( from a yellow, a 
green, or a violet one i Various attempts have been 
made, and on various hypotheses, to resolve this 
question. Newton, who entered upon the subject 
with great earnestness, has been here again equally 
TOccessful in interrogating nature, by a series of ad* 
mirable experiments, of which we shall give the re- 
sults*. 

714. Having taken two object-glasses of a tele«' 
scope, the one plano-convex, the other a little convex 
^n both sidesj be placed one of the faces ot this upon 

• Optics Lvcii, book n, part 1, oUenr. 4» 5, 6, &c 
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the plane face of the former, and pressed the two 
glasses at first gently, and then by degrees more 
closely, against one another. The effect of this gra- 
dual pressure was an appearance in the plate of air 
between the glasses of different coloured circles, which 
had the point of contact for the common centre, and 
which increased in number according to the greater 
degree of pressure, in such a manner that the circle 
which appeared last always surrounded the point of 
contact, and on a still further pressure extended its 
circumference while it contracted itself breadthwise, 
to form a kind of ring round a new circle that arose 
near its middle. 

The pressure having been carried to a certain term, 
Newton stopped, and observed as follows: At the 
point of contact was a black spot that was encom- 
passed by several series of colours. The order of the 
colours from the centre to the borders of the two 
glasses was this: In the first series, blue, white, 
yellow, and red ; in the second, violet, blue, green, 
yellow, and red; in the third, purple, blue, green, 
yellow, and red ; in the fourth, green and red ; in the 
fifth, greenish blue and red; in the sixth, greenish 
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From the%e proportions, it was merely necessary to 
Ascertain the absolute length of a single diameter, to 
know the lengths of all tlic others, as well as the dif- 
ferent thickness of the plates of air at the points 
where the different colours were seen. Newton drew 
up a table of these degrees of thickness, by which it 
appears, that the most intense l>lue — for example, tliat 
of the first series — is expressed by a thickness of 
0*000024 of an inch, supposing ^the visual ray to be 
nearly perpendicular to the two glasses. 

716. Newton having measured also the diameters 
of the. rings at the intermediate places where the co- 
lours were obscure, found that their squares were to 
one another as the even numbers 2, 4, 6, 8, 10, 12, 
&c. ; and hence the intervals between the glasses, at 
the corresponding pointy, observed a similar pro- 
gression. 

717. The diameters of the rings increased or di- 
minished, as the visual ray was more or less inclined 
to the surface of the two glasses, so that the greatest 
contraction took place when the eye was situated per*- 
pendicularly above the glasses. The diameters aisq 
retained the same proportions to one another, 

718. Such were the phenomena which the glasses 
seen by reflection presented ; but on looking through 
them to observe the effect of refracted light, other 
series of colours took place of the preceding ones* 
The central spot became white, and the order of co- 

bi-convex glass that turns towards a n belongs. Let also ab, ad, be the 
senurdiameters of two rings at the points where the colours are most vivid. 
Having drawn be,dgt parallel to the diameter a f; and eh, g i, parallel to 
an; we shall have, by the property of the circle, (e hj"^ : (g i)^ : : a h X hf 
laixif'-ahx af: a i X af: : ah : a i : : b e : dg, the lines hf, t /, beinff 
deemed equal to the diameter af, because ah, a i, which measure the in- 
tervalM, be, dg, between the glasses, are supposed to be nearly infinitely 
mail with respect to the diameter. 
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lours, relattvtljr to the different serieil Wii this : in the 
first, ycBowish red, black, violet, blue ; in the second, 
white, yellow, red, violet, blue ; in the third, green, 
yellow, red, blueish green ; in the fourth, red, blueish 
green; in the fifth and sixth, the same two colours. 
By comparing these colours seen by refraction, with 
those which were the consequence of reflection, it is 
observable, that the white answers to black, the red 
to blue, the yellow tP violet, the green to a mixture 
of red and violet: that is, the part that appeared 
black on simply looking at the glasses, became white 
when the observer looked through them, acAd so of 
the other colours. But the tints produced by re- 
fracted light were feeble and languishing, unless the 
visual ray was extremely oblique, in which case they 
were sufficiently vivid and brilliant. 

719- Newton substituted water for air between the 
two glasses, and the colours instantly became fainter, 
and the rings contracted, that is, the ring of a parti- 
cular colour had its circumference neajer the centre, 
than when that colour was reflected by the plate of 
air *. The diameters of the corresponding rings were 
to one another nearly as 7 is to 8, and consequently 
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colonr is perceived, is to the interval which gives that 
colour, by means of air, as the sines which measure 
the refraction, at the passage from the same medium 
into the air. This rule may be equally applied to a 
thin plate detached from any kind of body, the thick* 
ness of which we would determine by the tone of its 
colour. We shall presently give an example of the 
method that should be pursued in determinations of 
this sort. 

720. Newton varied the experiment in several ways. 
He fixed his attention on the colours of the bubbles 
that are produced in soapy water, dilated by the air 
that is introduced by blowing through a tube Ht 
observed the changes they underwent in proportion 
as the aqueous peUiclc, of which each bubble was 
formed, became thinner, by the subsiding of the 
water from its upper part ; he saw also the rings com- 
posed of these colours dilate, as they were more re- 
mote from the summit of the bubble, when he looked 
at them more obliquely ; but this dilatation was much 
less, cateris paribus^ than when the colours were re- 
flected by air. From this and a number of other ob- 
- .servations, he inferred, that when the coloured sub- 
stance had a density incomparably greater than that 
of the surrounding medium, the change of obliquity 
in the direction of the visual ray occasioned no 
change that was perceptible in the position of the 
colours, so that every part, seen in the same degree 
of inclination, constantly preserved its colour. 

721. In all these experiments, the various series of 
colours, produced by reflection or by refraction, dif- 
fered more or less from one another, either in num- 
ber,, or combination of tints, Newton, by ipeans of 
a new experiment, succeeded in separating the effects 



• Opticc Lucis, book ii, part 1, obacrr. 17. 
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of the diflfercnt homogeneal colours that contributed 
to the total efTect^ and in some sort accomplished the 
analysis of the phenomenon. 

Having placed the two object-glasses in a dark 
room, where he introduced a ray of light, he so dis- 
posed a prism, that by turning it on its axis, it caused 
the different colours refracted by it to fall succes- 
sively, sometimes upon a sheet of paper that reflected 
them towards the glasses, and sometimes directly 
upon the glasses themselves *. By this process each 
colour exhibited its effect separately from the rest : 
and during the motion of the prism, there appeared 
in turn several sets of concentric rings, which were 
all of the same colour for the same position of the 
prism. The red rings haci their diameters perceptibly 
larger than the violet rings; and Newton says, that 

it was very pleasant to see the rings gradually swell 
or contract accordingly as the colour of the light was 
changed." It resulted from this observation, that 
violet was the colour which gave in general the 
smallest rings, and that afterwards the diameters gra-f 
dually crossed one another, in the order in which the 
other colours presented themselves, that is to say, 
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numbers, 1, 3, 5, 7, 9, &c.; «ind the squares of the 
diameters of the rings, produced by the refracted 
colour, were as the even numbers, 2, 4, 6, 8, 10, &c. 

722. Now, wlien the two object-glasses were ex- 
posed to the light of day, the different colours of 
which this light was composed, formed all at once 
their rings at the same distances as when they acted 
separately in the second experiment; and if these 
distances had been such, that the rings of different 
colours could not have infringed upon one another, 
each series would have presented as many distinct 
colours ; but the rings having their breadths more or 
less sensible, and being pressed more or less together, 
in the space they occupied, were confounded, at least 
in part, at certain places, and especially in the first 
series, which included a small annular band of a vivid 
white, resulting from the mixture of all the colours. 
In each of the following series the colours were in 
general more distinct ; but beyond a certain term 
some of the adjoining series encroached upon the 
others; and hence the colours, sometimes simple or 
nearly so, and sometimes more or less mixed and va- 
riously shaded, which the different series successively 
presented. The rays, which were refracted in the in- 
tervals of the rings formed by the reflection of the 
isolated colours, combined in a similar manner, so 
that a particular degree of tenuity in a given point of 
the plate of air, had a fitness at once \ot\i for the re- 
flection of a particular colour simple or mixed, and 
for the transmission of some other colour. 

All the colours decayed and vanished at a certain 
distance from the centre, because the different rays, 
by mixing nearly in equal proportions, produced only 
ft whitish light, 

723. It is not necessary that the plate which ex- 
hibits the coloured ring should be a fluid matter, 



1234 



Light. 



Portions of a solid body, reduced to a sqfAcient Atn 
gyee of tenuity, have the same property. It is pos^ 
sible, for example, to render a plate of mica so t\\in, 
that it shall be capable of reflecting one or more of 
the colours which the plate of air presents in the first 
experiment. And it is remarkable, that the colours 
in question do not in themselves depend upoi) the 
nature of the surrounding medium ; for, wet the plate 
of mica, and those colours will merely become weaker 
than when the mica was encompassed with air ; it is 
their intensity only that is changed. 

This leads us to. mention some experiments made 
by Mazeas, the results of which do- not agree with 
the explanation Newton gives of the phenomenon of 
the coloured rings *. In these experiments the two 
glasses, placed one on the other, did not exhibit the 
same appearance when they were put under a receiver 
exhausted of air, or were exposed to a heat sufficiently 
strong to expel that fluid from the intermediate space. 
To this it might be answered, that, in the first case, 
a perfect vacuum cannot be obtained ; and that, sup* 
posing it possible, the space between the glasses in 
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plate of ttr or any other substance, the returns or Jits 
of mtg reflection, and the disposition of the same ray 
to transmitted in the same manner tlirough tlie 
intervening spaces, returns or Jits of easy transmission. 
Thofy a ray is in a fit of easy reflection when it falls 
oil a plate of any kind of matter, whose thickness is 
one of the terms of the series, 1, 3, 5, 7, 9» &c. taking 
the smallest thickness capable of reflecting such ray 
for imit; and, in Uke manner, it is in one of its fits of 
easy transmission when the thickness is one of the 
tcron of die series, % 4, 6, 8, 10, &c. * 

Let us attend to the consequences which 
Newton deriyes from all these observations relative 
to die colouration of bodies. The particles even of 
dioie bodies which we call opake, arc in reality trans- 
parent: this, persons who are in the habit of using 
tlie microscope must continually perceive. The thin 
edges of the darkest flint will appear, even to the un- 
aaristed sight, to have a certain degree of transpar- 
encj if placed between the eye and the light ; and as 
to white metallic substances, which at first would ap- 
pear to be exceptions, Newton observes, that by the 
acticm of an acid they may be so attenuated as to 
render their particles permeable by light f . 

In every body, the particles are separated from one 
another by interstices called pores, which are occupied 
by difierent subtile fluids. These particles having a 
determinate thickness repel the rays that, in penetrat- 
ing them, are in a fit of easy reflection ; and the body 
thus assumes the colour, simple or mixed, which 
^answers to that of the reflected rays, and depends 
upon the degree of tenuity of the particles. 

In reality we have seen (7C3) that the coloured 

% 

• Optice Lads, book ii, part 3, propos. 13, definite, 
t Ibid, book u, propos. 
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rings took place equally in plates of solid bodies, as 
in those of liquid or fluid ones ; and since every little 
space, included in one of these plates, reflects or re- 
fracts light, it follows, that if we divide this plate into 
a number of small fragments, each of these frag- 
ments would still produce the same efliect as when it 
formed part t)f the plate. Now, as the particles of a 
body may be compared to the separated fragments of 
a plate, all that has been said of such plates applies 
exactly here. 

726. In speaking of the particles of bodies, wc do 
not pretend to designate their smallest parts, or those 
which wc call integrant moleculas. To conceive what 
ought to be understood by the particles that reflect 
light, we may suppose, with Newton, that the inte*- 
grant molecular, already separated from one aqotber 
by pores, form, by a certain number uniting together^ 
other molecule of a second order, separated by larger 
pores ; that these in their turn form molecoks of a 
third order, and so on*. Now the particles which 
roflect light, in the usual state of a body, have a cer-r 
tain thickness, whence arise separations between them 
pf a certain extent : these particles are then deemed 
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•lone. If you divide this plate into tliinner ones, as 
far as a certain degree of tenuity, you isoLitc particles 
of another order, which will reflect other colours, as 
is confirmed by observation. 

727- We have mentioned, in the article of divisi- 
bility (16), a plate detached from a piece of mica, 
whose tenuity was such, that its original colour, which 
was a yellowish white, changed to the most perfect 
blue. We are now capable of understanding how the 
properties of light may be employed to seize those 
small portions that escape our most accurate mechani* 
ctl methods. According to Newton, the thickness of 
the plate of air, where the pure blue was reflected in 
the phenomenon of the coloured rings, was 2*4 mil- 
lionths of an English inch. Now from the principle 
stated above (7U))> the thickness of the plate of mica 
of which we have spoken, must be to the thickness of 
the plate of air, as the sine of incidence is to the sine 
of refraction, when the light passes from the mica 
into the air ; but as mica does not so readily yield to 
experiments that would immediately give its law of 
refraction, we supply the defect by means of that fur- 
flier observation of Newton, that the refractive powers 
of substances are nearly proportional to their densities 
(668), provided the substances are either both inflam- 
mable or both not inflammable. 

This being laid down, let cr (fig. 109) be a ray of 
light meeting: the surface of a piece of mica under an 
infinitely small angle, and let r g be the refracted ray, 
the direction of which might be determined, if the 
mica had at the same time suflicient thickness and 
transparency to render the determination possible. In 
the same hypothesis, let rg' be the refracted ray re- 
latively to a second substance, whose refractive power 
we know, and which will serve as a term of compa- 
rison. We have chosen, for this effect, sulphate of 
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lime, the refractire power of which, tccordmg td 
Newton, is such, that if we designate the constant 
quantity r n by unit, we shall have (g'rt) '— r2l5- 

Now the density of mica, determined by its specific 
gravity, is to that of sulphate of lime as £'792:2'25C. 
Therefore we have (g" or 1013 : (gn)': : 
: 2*792. Working by logarithms, we shall find for 
that of g Hr *886039, whence we shall conclnde that 
the angle of refraction, r g n, is 39"^ H' ; and because, 
in the present case, the angle of incidence is a right 
angle, the proportion between the sines, when the 
light passes from mica into the air will be that of the 
sine of 39^ 1 1' to the radius. Now this proportion 
being the same as that whicli exists between the 
thickness of ihe plate of air expressed by mil- 
lion ths of an inch, and the thickness of the plate of 
mica which reflects a fine blue, we shall obtain for 
this last I'd 1 1 milUonth of an inch English, or about 
J*6 millionth of an inch French, that is to say, nearly 
43 miUionths of a millimetre*. 

728. The disposition of a ray to he reflected or re- 
fracted by any particle of a body, depends at once on 
the two surfaces of that particle, since there is only 
one distance, greater or less, between these surfaces, 
such that the ray may not be reflected instead of 
being reffLicted, and vice vena. Hence it is, that if 
we wet either fiice of a very thin plate of any sub- 
stance, such m mica, the colours instantly become 
feeble; from which wx mnit infer^ that the reflection 
or refraction takes place near the second surface ; for 
if it took place next to the first, or before the ray had 

• Accord itig t© the Eircjclopldie IM^thodique* Mathematiqacjp vol II, 
locynd t»urt| p. 580» Ihe dilTertiace between English acd FrcncU me a jure is 
mch, f\m\ ilm Erigliiti foot b equal quIj It 11 im^hti i Imes |» or ll^line* 
oC the IrwMiJi fwt, ■ 
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penetrmted the particle, the second surface would have 
no mfluence either on the reflection or refraction of 
this ray« Besides, the disposition of which we are 
speaking is propagated and perseveres in the ray^ 
from the first surface to the second ; or else, when 
the ray arrived at the second surface, the first would 
have no concern in the action that determines it to be 
reflected or refracted 

729* The colour of a body is the more vivid and 
pure, other circumstances being equal, as to the sur- 
rounding mediums, in proportion as the moleculae of 
that body are thin ; in the same manner as in New- 
ton's experiment, the thinnest parts, or parts nearest 
the centre, were those where the colours appeared 
with the most strength and splendour. Among the 
moleculs that reflect colours of a single order, those 
which furnish red are the thickest, and those which 
give violet, the thinnest. 

750. Nature exhibits in several stones a pheno- 
menon similar to that of the coloured rings. Of this 
number is the opaline agate or opal, which, in the re- 
flectioni of light which it darts from its interior, seems 
to unite the tints of the ruby, topaz, emerald, and 
sapphire, and to sparkle with peculiar brilliancy. 
This stone owes its beauty simply to its imperfec- 
tions, and to the multitude of cracks and flaws which 
intercept the continuity of its proper matter, and form 
vacuities occupied by a subtile fluid that is probably 
^r. The small plates of this fluid are in the saiife 
oase precisely as the plate of air between the glasses 
in Newton's experiment : the colours also of the opai 
disappear the instant it is broken (x). 

• Optioe Lacis, lib. ii, pars. 3, propos. 12. 

(x) The first distinct account of the colours exhibited by thin plates of 
r^noiu substamces, is met with among the observations of Mr. Boyle. To 
*^cw the chemists that colours, may be made to appear or vanish* wher« 
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Carbonate of transparent lime, sulphate of lime^ 
rock crystal, &c. also frequently exhibit in their in- 
terior reflections of divers colours, which must in like 
manner be attributed to the slight cavities natural to 
the stone, or produced in it by percussion. 

731. The density of the moIecuIaB of bodies in ge- 
neral greatly exceeds that of the mediums which oc- 
cupy the interstices between their component laminse, 
and that of the air which surrounds these bodies. 
Hence it is that the colours of the same bodies viewed 
in difierent degrees of obliquity undergo no percep- 
tible change ; but if we suppose the plates to have 
scarcely more density than the surrounding mediums, 

there is no accestsion or change either of the sulphareoas, the saUne» or die 
mercurial priixipic of bodies lie obser\'es, that all chemical es«tential oils» 
at also good spirit of wine, being shaken till they rise in babbles, appear of 
various colours ; which immediately vanish when the babbies burst, so that 
a colourless liquor may be immediately made to exhibit a variety of cokMUS, 
and lose them in a moment, without any change in its essential piindplei^ 
He then mentions tlie colours that appear in bubbles of soap and water, 
and also in turpentine. He sometimes got glass blown so thin as to exhilHt 
similar colours ; and observes, that a feather, of a proper shape and ok, 
and also a black ribbon, held at a proper distance, between his eye and the 
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%)ien a change in their position^ however -slighty will 
cause their colours to vary 

To find the reason of this difTcrencey let us suppose 
ablk (fig. 110) to represent the section of a plate of 
any substance, the density of which is incomparably 
greater than that of the medium which surrounds the 
plate. In this case, a ray of light, rc, which shall 
meet the surface of the plate under any obliquity, will 
be refracted in its interior, according to a direction, 
e i, which will deviate very little from the perpendi- 
cular, u It, at the point of immersion, on account of 
the extreme difference between the sine of incidence 
and the sine of refraction. Let another incident ray, 
r'c, meet the same surface in an obliquity perceptibly 
different ; the refracted ray, c o, will deviate but little 
more from the perpendicular u /<, and of consequence 



csAo^, and that these plates will he found upon etaminatlon to he of the 
•ame ^thickoess tfaroughoot 

As a fket amUar to this, but ohsenred previously to it, ,we maj here men- 
tion that Lord Brereton, at a meeting of the Royal Society in 1666, pro^ 
dooed some pieces of glass taken out of a window of a church, both on the 
_ north and on the south side ; observing, that they were all eaten in by the 
air, but that the piece taken from the south side had some colours like 
those of the rainbow upon it, which the others on the north side had not. 
This phenomenon has been frequently observed since, and in other circum- 
stances. It is not to be doubted, but that in all these cases the glass is 
tiirided into thin plates, which exhibit colours, upon the same principle 
^tfa those which are above described by M. Haiiy. 

A paper of Dr. Herschel^s has, during the present year (1807) been read 
IwfiKe the Royal. Society, on the coloured concentric rings seen through 
^hin i^tes or lenses : we understand that the doctor's experiments were 
:teade in great variety, vrith lenses of from 120 feet focus doWn to those of 
tJte most ' tisual siie and shape t hut hb results and deductions we are not 
mUe to conununicate. 

Dt; T. Yornig has contrived an apparatus fbr exhibiting and measuring 
Hie o^urs of thin plates by means of tlie solar microscope ; a description 
which is given In the JdurtuUs of the Royal Institution, I. f4l, and in 
-Nieholtm't Journal, 8vo. vol. III. pa. S83.— Tr. 

* O^ca Lucis> Ub. .ii, pars. 3, propof . 6, 
VOL. II. E 
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the spHccB bet\rtai ah and ft/, incasured by the two 
refracted rays will only differ in a small degree; from 
which It folio wsj that the colours which depend on 
these spaces will experience but a slight change. Let 
us suppose, on the contrary, that the density of the 
plate a b Ik nearly approache;! to an equality with tliat 
of the surrounding mediiun : in this case, the incitleiit 
rays dgf sg, will undergo hut a slight inflection in 
crossing the plate; so that the refracted rays gp^ gm^ 
being nearly in the direction of the incident rays^ 
there mil resiilt a very considerable difference be- 
tween the spaces measured by these rays, and alsft 
between the colours relating to those spaces. 

732, This may enable us to understand the changes 
which the colours of certain bodies undergo, when 
placed in different positions with regard to the eye; 
such as thoae^ which embellish the plumage of many 
birds, and particularly that of the peacock- These co- 
lours, already so splendid .nnd % arious when se«n ki owe 
aspect, are still more diversified by becoming move- 
able with the bird himself, every chtuige of position 
producing a play of the most brilliant reflections of 
light, that disappear in another position to be supplied 
by new reflections, while the first are reproduced io a 
different part of the plumage. These beautiful ap- 
pearances are all the result of this circumstance, that 
tlie beards of the feathers, which are inserted laterally 
on the branches, have a tenuity that enlivens the co- 
lours, and a density at the same time, which, not 
greatly exceeding that of the surrounding mediuni* 
occasions the position of these colours to vary, as tlie 
obliquity of the visual ray itself varies 

The effect we have just stated takes place also in 
the experiment of the coloured rings (717), though 



* Optlcc LudSi lib. ii, pars. 3, pwiptja, 5. 
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there the plate of air comprised between the glasses is 
incomparably less dense than the .substance of the 
glasses ; but the reason is, that the light, in this case, 
by deviating considerabljyr from the perpendicular, in 
{mssing from the glass to the plate of air, assumes po- 
sitions whose obliquity changes very sensibly, as the 
position of the visual ray inclines more or less, which 
occasions the densities measured by the refracted rays 
to vary proportionally. This effect is the reverse of 
that represented by figure 110, where rc, are con- 
sidered as incident rays, and co, c t, as refracted rays. 
For it is evident, that if, on the contrary, these last 
lines were supposed to be the incident rays, a \'tiria- 
tion, however trifling, in their directions, would occa- 
sion a very considerable one in that of the refracted 
rays c r, c 

733- From the principles we have Stated, it is easy 
to account for the colours produced in certain liquors 
that have themselves no perceptible colour, by mixing 
one of these liquors with another, or for the changes 
of colour that a liquor naturally coloured experiences 
in the same case. Thus nitrous acid poured into al- 
cohol, into which a few rose leaves have been infused, 
but not in sufficient number to give it their tinge, 
developes all at once a colour similar to that which 
the rose leaves had previously to their infusion. The 
same acid mixed with tincture of turnsole changes 
bine into a lively red. By the addition of an alkali, 
symp of violet becomes gre^,n. In all these changes 
the union of the moleculo: of the two liquids, forms 
mixed mol^ulse, the thickness of which is. different 
from that of the component moleculae, and deter- 
mines the reflection of the colour answering to that 
thickness. 

734. Let us now consider the fits of easy reflection 
and easy transmission in transparent bodies, and let 

a !2 
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us begin with those which arc limpid and colourles^> 
The particles of these bodies exceed in tenuity the 
smallest thickness capable of reflecting ligj^, and of 
consequence the rays which penetrate the moleculas 
at the surface are transmitted ; for these moleculaB are 
precisely in the case of the small plate of air situated 
near the contact of the two objects, ih the experiment 
of the coloured rings, which transmitted all the co- 
lours without reflecting any. The rays which have 
penetrated a limpid medium continue their course 
through its whole thickness, without a single one 
being reflected on contact of tfie moleculae with the 
subtile media included in the pores, as if these mole- 
culai formed with one another a perfect continuity. 
During their whole course, the rays nbtwithstanding 
preserve their disposition to be reflected or refracted, 
by virtue of the fits of easy reflection or easy trans- 
mission, in such manner that if we express by ^ a cer- 
tain thickness which would have occasioned the re- 
flection of a particular species of ray, where the me- 
dium would only be of ihat thickness, that ray will 
preserve a tendency to be reflected at every point 
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Neither tendency produces its effect except when 
the light Jias reached the second surface of the body. 
There, all that part of the light, which, on account of 
the distance between the two surfaces, or of the num- 
ber of intervals, is in a fit of easy reflection, becomes 
reflected near the contact of the second surface witli 
the adjoining medium ; and the part which is in a fit 
of easy transmission becomes refracted on passing 
into the adjacent medium: so that if the medium 
were of a different thickness, which might give for 
each fit a unit more or less, the i^ys would change 
dieir office, those which would have been in fits of 
•easy reflection, would be in fits of easy transmission, 
and vice versa. 

We hence see why a part of the light is always re- 
flected at the contact of two mediums of different 
density, by escaping the refraction which the other 
part experiences (647). 

735. In what we have thus far said of the subject 
of fitf, we have considered only wliat takes place in 
the path of the rays from the first surface to the 
second ; but reflection brings back a portion of the 
rays from the second surface to the first, and it is 
proper to enquire what their disposition will be during 
their return, and what the nature of their fit when 
arrived at the first surface. 

To investigate this point of theory, let us take up 
things at their origin, and suppose ab, cd, (fig. Ill), 
to be exactly parallel faces of any medium denser than 
mr, and surrounded by that fluid. Let gn be a beam 
of light which falls on the surface a b. Among the 
rays composing this beam, some will be in a fit of 
easy , reflection, and of consequence will be reflected 
According to «x, inclined in the same degree as gw, 
but in the contrary way ; while others, being in a fit 
pf easy transmission, will be refracted according to n o. 
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The species of fit will be determined by tbe kind of 
intervals through which each ray will have passed ia 
the air ; so that if the radiant point be in the middle 
of this fluid, all the rays respecting which, the course, 
from that point to the point shall be comprised in 
the series 1, 3, 5, 7, &c. will be reflected, unity repre- 
senting here the smallest thickness of air capable of 
reflecting each ray ; and all those rays whose course 
shall be comprised in the series 2, 4, 6, 8, 8cc. will be 
transmitted according to n o. 

These last rays being then in a difierent medium, 
where the inter\'als are no longer the same, some, on 
arriving at the point o, will be again in a fit of easy 
reflection, and will be repelled in the direction o r, the 
angle roc being equal to the angle nod; while othen 
will be in a fit of easy transmission, and will repass 
into the air in the direction oz parallel to gn. 

But, as we suppose the lines ac, bd, to he perfectly 
parallel, it results, that the rays reflected according to 
o r traverse a space equal to what thej' had traversed 
in the direction no. Now the intervals of easy reflec- 
tion measured by the ray proceeding in the direction 
no, or, which amounts to rtie same thing, the di- 
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distaaoei^ from the poiat a only, they will form the 
progretaion 4, 6, 8, &c.; but this progression is 
that which belongs to fits of easy transmission ; there:* 
fore the ray, during its whole course according to 
is in the precise case where one of the rays, after tra- 
versahg the line no equal to becomes refracted, on 
repasaaag into the air according to the direction 0%. 
Hence the ray o r will itself be refracted at the point 

in a direction, r s, which will make with a 6 an angle 
equal to diat which ng forms in a contrary sense with 
the same line. 

We hence conclude that the rays which are re- 
flected at the second surface of a medium, undergo 
in their return towards the first the inverse effects of 
those which took place in the course from the first to 
the second ; so that after reflection, fits of easy trans* 
misaion succeed to those of easy reflection 

This wiQ be the case, whenever the series of inter* 
vate that answer to o n shall be terminated by an even 
dumber; but if the two faces between which the light 
moves were not exactly parallel, or had sensible in>* 
equalities, then among the rays reflected according to 
or, tfcose which would have to traverse an interval 
greater or less by unit, to return to the surface a ft, 
wouM be reflected anew towards c while the rest 
would be transmitted by the surface a h. 

730. What has just been said enabled' father Bo»- 
eovich to obviate an objection raised by himself 
against the explanation that was given of the exterior 
Tainbow f . it is this : Let ng (<fig. 1 be one of 
the drops of rain which* produce that bow, and 
9h^fna the course of n beam of rays, of aay coleur, 

* Optice Locis, fib. ii, pars. ^, propos. 19. 
t M^. de? Savam Strangers, 



e*S Ligfif. 

taken among the eflfecstual rays : this stream having 
passed from A to g, has a part of its rays transmitted 
into the surrounding air, and the rest are redected 
according to gj\ But the rays which entered at th 
point A were in a fit of easy transmission^ and thos 
which were retlected at g, in a lit of easy reflection 
Now the chord g f being equal to the chord kgf 
measures the same series of intervals; and since the 
rays which proceed from reflection at g to reach 
experienced effects the reverse of those which had 
taken place in proceeding from reflection at it fol^l 
lows, that they must be in a fit of easy transmission at 
J] and consequently there ought to Le none of those 
rajs at n which should otherwise be reflected from^^l 
hui they would all issue at that point, which wouIjH 
render the formation of the exterior bow impossible. 

To this father Boscovich replied by observing, that 
the difficulty arose simply from supposing the drops 
of rain to be spherical, which there is no ground for 
presuming, for this reason a[one> that every drop must 
l>e compressed a little in its lower part, by the 
action of the air against which it strikes in falling. 
Now the slightest difference between the chords 
hgj gff is sufticient to occasion a unit more or lesi 
on one side than on the other in the intervals mea« 
sured by these chords, and lo cause the ray arrived 
at f to experience a iictv fit of easy reflection ; in 
which case it wiU take the direction /ji, and will be 
at « in a fit of easy transmission, which will occasion 
it to repass into the air in the direction na^ 

737* Light which traverses a transparent medium 
does not arrive entire at the second surface of that 
medium; which arises solely from this circomstance, 
that there are always rays intercepted by the medium, 
^laere they are extinguished by striking against the 
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Teal. moIeculsB of that medium ; and the number of 
these intercepted rays increase continually during the 
w^le course of the light. 

It follows from this, that the intensity of light on a 
giyen space, in proportion as it removes from the ra- 
diant point, is not exactly in the inverse ratio of the 
square of the distance, but follows a law that in a cer- 
tain degree diflfers from it. 

Booguer has endeavoured to ascertain ' this law, 
by supposing, first, the medium to have a uniform 
density, and the rays to be parallel. In this case he 
proves the intensity of light to follow a geometrical 
progression. He afterwards extends his theory to 
m^ia of a variable density, and to the hypothesis 
of a divergence between the rays, and makes many 
interesting applications of the theory to various phc^ 
nomena 

738, The opacity of bodies' which have that quality 
arises not only from the moleculee of those bodies ex-> 
tiogoishing and absorbing light, but also from tlie 
moleculsB being separated by a number of interstices 
filled with some fluid that has a much less density 
than theirs ; whence it results, that there are a num* 
ber of rays which are repelled near the contact of the 
sur&ces of the moleculse and the adjoining medium ; 
and as the reflections rapidly increase, in proportion as 
the rays penetrate the body, it happens that they soon 
escape from the refraction which should propagate 
them from one surface to the other, that the body 
might be transparent f . 

739- This leads us to explain how the stone called 
ihe hydrophanous agate acquires a perceptible trans- 
parency when it has been plunged into water, and is 

• Booguer, Trait6 d'Optique ; Paris, 1760, p. f3l, ct ae(}. 
t Optice Lucis^ lib. ii, pars. 3i propos. 5. 
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then placed between the light aiid the eye. We have 
Mteu (9) that this stone h pierced with a multitude of 
%%icuitics, which, in the natural atnte of the stone, are 
filled with ain The little density of this fluid, com- 
pared with the proper mattor of the atone, oceasions 
the reflection of a great part of tlie rays which pene- 
trate it, and leaves but a slight degree of transparency, 
the result of the small number of rays which pursue 
their course to the surface that is turned towards the 
eye. But if, io stead of air, water be introduced into 
the hydrophanous agate, this liquid being of a density 
which approaclies much nearer to that of the stone, 
there will be a great number of rays, which, instead 
of being reflected at the contact of the media that 
succeed each other in the iuJrrval between the two 
surfaces, will be refracted, aud will continue their 
course as far as the surface situated towards the eye^ 
which will cause the truiispareney to increase in a 
very considerable proportion. Paper wetted with 
water, or that has imbibed oil, also acquires trans* 
parency, for a similar reason. 

740* With respect tcj bodies that are both trans- 
parent and coloured, they appear to furnish a sort 
of middle term betivecn limpid bodies and opaque 
bodies p Their moleeulce reflect rays of the colour 
under which they present themselves to the ej^e, aud 
these bodies at the same time transmit, through their 
whole extent, other rays, which commonly have the 
same colour as the reflected raj^s. Thus tlie molecular 
situated at the surface reflect a portion of the ray» 
T?Fhich reach this surface and transmit the rest j other 
moleculsB situated a little lower, reflect a portion of 
the rays which escaped the first reflection, and trans- 
mit the remainder, and so regularly on to the last sur- 
face, wliere there still arrives a sufficient number of 
rays that repass into the air for the body placed be^ 
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tween the eye and the light to have a very sensible 
degree of transparency. Hence it follows, that the 
thicker the medium, the deeper the colours ; which 
agrees with observation. 

741. There are media that present a different cor 
lour accordingly as they are seen by reflection or re- 
Iractioh, as in the case of each of the small spaces in 
the plate of air, in the experiment of the coloured 
rings. It is thus with infusion of lignum nephriti- 
cum (y\ which appears blue in the ordinary aspect, 
and becomes yellow when the vessel containing it is 
placisd between the eye and the light. A plate of 
gold extremely thin continues to reflect yellow, yet 
appears of a greenish hue when seen by refraction. 

Of) Mi; Bojk describes this lignum nepliritieum to be a whitish kind of 
fvoodf that was brought I'rojn Mexico, which the natives call coatl or 
tlapnaiU, and whkh had been thought to tinge water of a green colour 
only ; but be says that he ' found it to communicate all kinds of coloun*. 
If, says be, an infosion of this wood be put into a glass ^olic, and expo!<ed 
to a strong l^gbC, it will be as colourless as pure water ; bat if it be carried 
into a place a little shaded, it will be a most beautiful green j in a plac« 
•tin oMNre shaded, it will iucline to red j and in a very sliadj^' place> or in. 
an opaqoe Tessel, it will be green again. « 

A enp of this remarkable wood was sent to Kircher by the procnrator of 
Us socia^ at Mexico, and was presented by him to the emperor as a great 
cuioaty. It is called lignum nephriticuuh because the infusion of it was 
imagSned to be of service in diseases of the kidney s and bladder, and the 
natives of the country where it grows use it for that purpose. 

Boyle corrected several of the hasty observations of Kircher conceminj; 
the colours that appear in the infusion of lignum nephriticum, and he diver- 
ofied the experiments with it in a very pleasing manner. He first distinctly 
noted the two very different colours which this remarkable tincture exMbits 
fay trapsmitted and reflected light, if, says he, it be held dffectly betweea 
the fight and the eye, it will appear tinged (excepting the very top of it, 
where a sky-coloured circle, sometimes appears) almost of a golden colour, 
anless the infusion be too strong ; in wl)ich case it will be dark or reddish, 
and requires to be diluted with water. But if it be held from the light, so 
that the eye be between the light aRd tlie phial, it will appear of a deef> 
lovely Uue odpux^ a^i w^aUo the drops, if any lie on (he outside of the 
^as8.-.TR. 
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But these pfaenomeHa, and others resembling theniy to 
use Newton's expression, have no longer need of an 
(Edipus 

742. We see how much die observation of the co- 
loured rings serves to link together different facts in 
the snme theory ; but it were greatly to be wished 
that this theory extended farther, and explained^ on 
some hypothesis or other, why some rays are trans- 
mitted and others reflected by the same thickness of 
a given plate. We will suppose, if you please, with 
Newton f, that it is with rays of light reiativety to 
certain natural bodies, as it is with sonorous bodies in 
regard to air, that is, that the rays excite in the mole- 
cular of bodies which refract or reflect them, certain 
vibrations that are propagated from one surface to the 
other, but in such manner that their velocity ifi greater 
than that of the rays themselves, so that, if we may so 
express ourselves, they get the start in the race. Now 
as these vibrations consist of slight motions that take 
place alternately in a contrary sense, if, at the instant 
the ray arrives near to contact with the reflecting or 
refringcnt surface, its vibratory motion conspires with 
that of the body, the ray will be transmitted ; but if 
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rise to refraction. Newton however suggests thia 
idea merely for the satisfaction of those who arc so- 
licitous to find a physical cause for the facts on which 
the theory rests. For himself, he is contented with 
haying established their existence and filiation. Phi- 
losophers, who wisely stop at the limit traced by ob- 
servation, will derive sufficient satisfaction from a 
theory that refers the infinitely-varied phenomena of 
the coloration of bodies to the simple distances be- 
tween the facets of the moleculae, and which exhibits 
that admirable diversity of tints and shades with 
which the productions both of nature and art are em- 
bellished, in the manner of a picture, where we have 
only to give a new degree of tenuity to the canvas, 
to create instantly a new colouring (r). 

(s) After tM, we mmt be frre to confets although we shookl with ex« 
tjct iriwffmce call in question any doctrine of Newton, that his tbeorj 
mf reflectioa is highly objectionable : in fact, it explains nothing, unless the 
roacfe of the fits of more easy reflection and transoiisMon be admitted as 
legkimalr, nsiMly, that they are produced by the undulations of a$udkcr 
dmtie Jbad imcempmkbf mare tubtiU than light, acting upon it in the way 
•f iaipidse : but, to admit any thing of this kind, would, we oonceire, be to 
ti a n s gica* the rules of philosophising prescribed by Newton himself, and la 
Tctam back many steps towards the exploded absurdities of Descartes and 

Before we entirely quit the subject of colours it may be proper to men* 
fioB fliat several philosophers hare reoendy contemplated the doctrine of 
talamn in conncctioo with chemistry, and the art of dyeing. Among others 
BcrAolet, in hb Ekemem$ dc Teintiire, adduces many arguments from which 
he infess, that we must not confound the fugitive colours that are produced 

tlK reflection of laomue, and conform to the laws determined by Newton, 
wriA tlK oolovs which are still presenred notwithstanding the chaises of 
density and tlnckness. This celebrated chemist likewise remarks, that the 
drree primitire oolours in the arts develope themselves in the bodies of the 
fkvee kingdoms by a less or greater absorption of oxygen which combines 
with Uie different principles of tho!»e bodies. 

In its natural state, iron b without colour. The first impression of fiie^ 
«r the first degree of oxydation, developes a blue colour ; a second degree of 
w^dation produces yellow : if the oxydaaiou augments, the iroo becomes 
sed. The major part of metals present similar phenomena. 

u 
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Relations between Light and Heat. 

In the account we shall give of the relations that in 
many respects exist between Jight and caloric, we shall 
confine our attention to facts, without pretending to 
draw any inference from them as to the identity of 
causes. We have deemed this the properest pkce to 
introduce the subject, because in the experiments we 
have been detailing, by employing coloured light as a 
term of comparison, some addition has been made 
to the knowledge we possessed of the relations in 
question. 

743. We know that the solar rays give heat, in 

In vegetables, the blue la formed by fermentation, that is to aay, by a fix- 
ation of oxygen ; and most of these colour5~are susceptible of passing to red 
by a greater quantity of oxygen. It is thus that turnsole, is reddened by 
air and by the action of acids. 

The same colours are seen to develope themselves in aninuils, by the 
combination of oxygen. When meat putrefies, the first degree of oxydation 
decides the blue colour ; the red colour soon succeeds it as the oxygenation 
augments. This phenomenon is very perceptibly manifest in the prepara- 
tion of cheeses, which are covered first with a blue mould, that afterwards 
U'f. -"']. 
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^neral*, to bodies exposed to their action; but they 
do not communicate it in the same degree to all 
bodies ; and Scbeele, with his usual sagacity, has dis- 
t^vered the circumstance which occasions the io- 
tmsity of their action to vary, and the principle that 
-enables us to explain the variation. This celebrated 
chemist having exposed to the action of the solar rays 
two thermometers, one filled with alcohol coloured of 
a deep red, and the other with uncoloured alcohol, 
observed that the red liquor rose more rapidly than 
tbe other ; but if the two thermometers were plunged 
-iiilo hot water the motion of the liquor was the same 
in each. Scheele^ remarked also, that the nearer the^ 
colour of a body approached to black, the more readily 
was that body heated by the sun's rays ; and, on the 
contrary, that the whitest bodies were those which 
were heated most slowly. He adds, that ^* the cause 
of these phenomena is the greater or less affinity 
which bodies have to light*." 

744. We observe here a striking analogy between 
light and radiant caloric, which is only capable of 
giving heat to a body by losing its radiant property, 
aod assuming, by its union with that body, the cha- 
racter of combined caloric (1 IB, et seq.) In the same 
manner, as long as the motion of light is uninter- 
rupted, no heat, properly speaking, is derived from 
it + ; and if this motion merely changes its direction 
firom tbe effect of reflection, the rays so altered in 
their motion do not contribute to the production of 
heat, which depends wholly on absorbed rays. Hencfe 
it is, that bodies which absorb the most light, as black 
ones, for instance, are those which are most heated, 

f Traits Chiniique cU I'Air k de T^m, translated bjr Bam de Dietrich, 
Fans, 1781, p. 146. 
t Scheele, ikid. 
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while light operates much more feebly on white bodie* ^ 
because they relleci it (a). 

745. Tliere h howevtir between light and caloric, 
this difibreuce, that the rays of the first traverse glass 
aud Um |jtd htjuors freely, while the rays of caloric re*- 
mam engaged in tlie bodies to which they comrauni- 
mte heat 

7^(h The learned Rochon attempted, in the year 
I77.'>, lo ascertain, by experiment, if the rays which 
tlifl'er in refrangibility produced on the thermometer 
degrees of heal that were sensibly diiferent -f. He 
made use of a prism of flint glass, to separate the dif- 
ferently coloured rays, wliieh he afterwards caused to 
prua in turn through a Icus. Ho observed, that an 
oir'tliermomctcr, exposed to the action of these rays, 
roae in proportion as the rays folloived one anotherj 
froiu viulet to red ; and the proportion of heat be- 
tvitm clear red and the most intense violet appeared 
to him to be nearly that of 8 to I. But he modestly 
owuii, ihjit, notwithstanding the precautions he took 
to obtain ucenraie results, he was not satisfied witb 
hin luhour X. 

747* The celebmted Herschel, whose name reminds 
us of m many important discoveries, has since under- 
taken an admirable set of experiments with the same 



(i) Dt, Friuiiliii mndv ai?vi?tml cspprlintnts ou the differi^nt debtees of 
beat ImUbml tfoiii the s*mV tmyt \^y daUw, of different colours, shew- 
hig thf atiiittkXmm thmi bUcki tUuc, ^ncn, purpte, red, ^dtow, to white ; 
«iid> *tv<niluig tit tin? h^^y mvihitd for «rhkli he was so deseneill^y cclc- 
¥riKtl. jH^plii-tl thcT ttvklH af hb reseOThfj to usc^ful purpose a iu common 
lift. An »tx^urt of tl*rie mmy be seen in hU Ejtpenmtntj and Ohservattomf 
and cimtmam Ihf nwut im«n;9tlug ii:^ a note in Grfginy*t Lessens, pa. 15£^ 

* Uertlkdti* SlatiqMr Cblmlqiie> mA. h I9f* 

t 1*^1 tut k* 4e^f#» dt* ehaleur n^-imt c«»lor#^, R^ucil de Mcp. 
k \tA^»i%|U^^ ^ b Fh^'s. p. 34^. cl sc^ 
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view, and has extended his enquiries to every object 
capable of furnishing a comparison between the phy- 
sical properties of light and those of caloric. In the 
experiments relating to heat produced by the differ- 
ently coloured rays of the solar spectrum, he meAt 
these rays pass in succession through a hole in a 
screen, and received them on the ball of a thermo- 
meter placed behind it. From what he observed, he 
concluded that the calorific power of the red rays 
was to that of the violet rays nearly as 7 to 2; a ratio 
much smaller than what was obtained by the French 
philosopher *. 

748. Herschel conceived the idea afterwards of 
comparing the rays of the spectrum with regard to 
their luminous force ; and he judged that the red, 
which terminated the prism on one side, was sur- 
passed by the y^ow, which contained the maximum 
of brightness ; that the green gave light nearly in the 
same degree, but that a diminution took place from 
that colour to the violet, which possessed the least 
luminousness f. These results differ but little from 
those which Newton had announced long before %. 

The same astronomer endeavoured to ascertain the 
truth of a conjecture that had occurred to him in the 
course of his enquiries, which was, that there really 
existed, out of the limits of the solar spectrum, rays 
subject like the others to the law of refrangibility, but 
not luminous, and simply calorific. The conclusion he 
drew from his experiments was, that the faculty of 
j[iving heat had the same limits as the spectrum on 
the side of the violet ; that it increased progressively 

• BiUioth. Britan. vol. XV, p. 196, et wq. 
t Ibid. IK 200, et seq» Phil Trans, for 1800. 
X Optioe Lucis, lib. i, pan. 1, propoi. 7, axpor. IS. 
VOL. 11. S 
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from tlie violet to the red^ and so beyond tbe red, 
where it resided in rays imperceprible to the eye and 
less refrangible than any of those that were luminous^ 
in such jDantier that its maximum answered to ihe 
limit of about half an inch beyond the red *. From 
the hypothesis to which the^e experiments would lead, 
the emanations of the sun ghoidd consist of rays of 
two different kinds; soine would he simply luminous, 
and others simply calorific : whence there would result 
two spectrumii that would in a great measure be con- 
foundedy so that the one produced by the luminous 
rays would get beyond the other on the side of the 
red ; and the heat which acconj panics light would de- 
pend on a mixture of the calorific rays* The author 
has also made a number of enquiries on the subject of 
heat produced by different luminous bodiesj and by 
others that simply contained ht^at without luminous- 
ness; and it appeared to him, that the calorific rays 
were subjected to the same laws of reflection and re- 
fraction as those of light f. These different experi- 
ments ore sufficiently interesting to merit a careful 
repetition, and sufficiently delicate to stand in need 
of it. 

749- We know that light contributes greatly to 
chemical phenomena; and since, of its differently 
coloured rays some produce more heat than others, 
may they not also have a different influence in some 
of these pheaomena, and particularly in those which 
depend on oxygen, whose functions so often corre- 
«ipond with those of caloric ? Scheele, whose lot it 
would seem to take the lead in investigation, had ob- 
served, that muriate of silver exposed to the violet 

• BiljUoih, BfUan. toL XV, p. 217, ct seq, 
t Ibid. p. et teq. See ilso voL XIX, p. 19, el se^. 
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IrajTS of the solar spectrum became black much more 
quickly than in the other rays ^. Ritter, an able phi- 
losopher of Jena, has seen this substance become 
black in a short time even when out of the violet, 
then become less black in the violet, and lose its dark 
tint more as it approached to the red, where it no 
longer experienced any change (b). The same sub- 
stance a little black, and' exposed to the red light, re- 
covered in part the white colour, and a still greater 
portion when presented to the invisible rays out of 
the limit of the spectrum on the red side. Phos- 
phorus placed near the red instantly exhibited white 
vapours; placed afterwards near the violet, it no 
longer exhibited vapours, and was extinguished. 
These observations led the author to suppose, that 
the solar spectrum was comprised between two in- 
visible rays, of which one, contiguous to the red, 
favoured oxygenation, and the other, contiguous to 
the violet, had the faculty of disoxygenating ; and 
the intermediate coloured rays partook more or less 
of the action exerted by the invisible rays on each 
tide. 

750. Further experiments led the same philosopher 
to observe a remarkable resemblance between the 
effects of the differently coloured rays, with respect 
to oxydation, and those of the vitreous and resinous 

* TVmite Chinuqiie de TAir et da Feu, translated by Dietrich, p. 145. 
^« (() Dr. WoOastoo also, in his paper on Refractive and Dispersive Powers 
(¥kiL Trrnn. 180S), has proved the existence of invisible rays beyond the 
violet in the apper part of the prumatic spectrum, by the blackening of 
imiriatie of silver at that part. He likewise proves that the invisible rays 
have pecoliar properties : for by narrowing the pencil of light received on 
his prism he nyade the discoloariog rays fall almait entirely beyond the 
spectrum ; and he hence infers, that the visible light has not thb power, 
but owes its discolouring influence to th« admixture of invisible light. It is 
hut just to remark, that Dr. WoUaston't discovery appears to have beta 
iMdc without any prtviovs knowledge of the experiments of Hitter.— Ta. 

S ^ 
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electricity produced by Volia'a pile. We bare seeo 
that the Krst kind of electricity determined a metal to 
oxydate, while the other had no effect on oxydution 
(522). Hitter placed his eye in contact with the ex- 
tremity of the pile that was in a resinous state^ in 
which ease tlie retiwaj according to hinij acquired the 
opposite electricity, and the objects all appeared of a 
red tint; afterwards, applying his eye to the vitreous 
extremity of the pile, which made the retina pass tu 
the resinous state, they all appeared purple to hicr 
(529, note f)* This must be considered as a very in- 
teresting result, in which the organ of sight, subjected 
to the combined action of light and electricity, be- 
comes as it were a common Hnk joining together phe- 
nomena observed till then in isolatecl experiments! 
and with instruments that appeared to have no aftiuit| 
with each other, A young Danish chemist of talents^ 
Mr. Orsted, who was pleased to furnish us with the^ 
particulars, ha^ added a very happy remark, that wheal 
the two opposite electricities produce, by nniting,! 
white light, we have the proof as it were by sjathesisJ 
of what the preceding experiments have shewn 
analysis. 
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75U We have considered light in three distinc 
points of view : first, as thrown out by the bodies of 
which it is an emanation ; then as traversing space 
with a rapidity inconceivable, yet capable at the same 
time of being measured ; and lastly, as received ou 
the surfaces of bodies, of which some reflect and 
others transmit: and the study of the different modi- 
fications it undergoes, according to the different 
modes in which those bodies act upon .it, 1ms re- 
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Tealed to us the causes of transparency, opacity, and 
colours. 

The impressions which objects in their turn pro- 
duce on the organ of sight, and which enable us to 
distinguish their different states, depend upon the 
immediate action exerted on that organ by the light 
which they transmit to it, whether it proceed directly 
from a luminous body^ or have been reflected by the 
jpuHace of a mirror or of an opaque body, or have 
passed through a transparent body. 

Our object now wiU be to investigate the nature of 
that action, to trace the course which the rays trans- 
mitted by objecu follow in. the organ, and relate the 
lesuks of the enquiries of different philosophers re- 
specting the manner in which vision is effected. We 
sliail b^gin with what is most simple, and suppose that 
between the eye and the objects there is no interme* 
dium to modify the action of light. 



Structure of the Eye. 

752. The ancient philosophers had very imperfect 
notions of the manner in which vision is effected. 
They simply knew, in general, that the eyes were the 
instruments of it. Yet imperfect as were their ideas, 
the traits of wisdom and foresight did not escape their 
observation They admired the position of the ey^ 
in ^e most elevated part of the head, whence, like a 
sentinel, it could overlook a multitude of objects with 
a single glance. They admired its extreme mobility^ 
and the ease with which it could turn in every direc- 
tion^ and thus multiply itself, in a manner, by the 
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variety of it« situations. They admired the suppleness 
of the lids, ready at all times to cover the eyes, as 
with a veil, to protect them from the impression of 
too vivid a light, or the attack of exterior objects^ or 
to aid the power of sleep over all the human organs. 
But the e and other observations of the same kind 
relate as it were only to neighbouring circumstances: 
the intimate mechanism of vision they had not thou glut 
of penetrating^ It has since been discovered that every 
eye is a true optical instrument, on the ground of 
which light delineates, or rather paints^ in miniature, 
the portrait of every object situated in the presence 
of the spectator: and of all the subjects of observa- 
tion which Nature every- where presents to the eye, it 
may justly be said of this organ, that there is none 
which more forcibly exhibits in its structure the marks 
of Infinite Intelligence. 

7^3. We shall begin the subject with a description 
of the eye, which, though not minute enough for the 
anatomist, %vill be sutficicnt for the philosopher to 
form an idea of the effects of vision. 

The cavity in which the eye is lodged is called the 
orbit of the eye* The optic nerves which, separated 
as they proceed from the brain, are afterwards united 
in a common point, separate again, and each of them 
enters into the orbit on the side that corresponds with 
it, where it dilates to form the globe of the eye, so 
that the coverings of this globe are nothing else than 
expansions of the optic nerve. 

In this nerve there are two principal tunics or 
coats observable one above the other round the me- 
dullary part. The exterior tunic, which is called the 
dura mater assumes, in dilating, a round form, of. 
-which, the anterior part, which is without covering, 
represents nearly a spherical segment, of a smaller 
diameter than that of the part sunk in the cavity of 
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the eye, which renderi it prominent aadlietter adapted 
to receive the raya that present themselves sideways!. 

Of these two spVierical portions, that which occu* 
pies the bottom of ihe cavity is an opaque membrane 
of a considerable consistence ; it is called the sclerotica 
or opaque cornea : the other portion, or the fore part, 
is tliinneff more flexible^ and diaphanous, and has 
therefore the name of I he trampureni rirnea. 

The second coat of the optic nerve is called the 
pia mater, and is extended underneath the dura mater. 
It is composed of two laminse* Of these one, which 
is a real membrane, appHes itself exactly on the 
opaque cornea, and becomes confounded uith it near 
jll^he transparent cornea; the other, which is called 
ckoroideSf is an assemblage of nerves and vessels that 
issue from the internal surface of the first, and are 
pervaded with a sort of blackish liquor. These nervci 
and vessels open in part and form that velvet tissue of 
which Ruysch has made a distinct tunic, that goes by 
his name. 

Towards the part where the transparent cornea joins 
the sclerotica, the choroides becomes detached, and is 
likewise divided into two laminae, of which the ante* 
rior one produces that sort of coloured crown which 
is called the im, having near the middle a perforation 
known by the name of the pupU* The posterior la- 
mina, which is called the nliary corona, is in folds, 
and composed as it were of oblong leaves^ of which 
we shall presently ste the use* 

The iris is an assemblage of muscular fibres, some 
orbicular and ranged round the circumference of the 
pupil, others directed like so many radial lines. The 
use of the first is to contract the pupil, in order to 
moderate the impression of too strong a light, and of 
the others to dilate it, that a greater number of rays 
of a faint light may be admitted. 



The most usual colours of the iris are orange ami 
blue, aad these colours are often mixed in the same 
eye. What arc called black eyes are of a yellow 
brown^ or a very deep orange, jj 

The ciliary corona holds inclosed, as it were, oppo-? 
site the aperture of the pupil, a transparent body, 
tolerably solid, of a lenticular form, and more convex 
towards the bbttom of the eye than in front. T 
body is called the cr^staliine humour. 

The medullary portion of the optic uerve forms, 
dilating, a white and very thin membrane, applied 
upon the cUoroides, and called the retina. 

The space between the transparent cornea and the 
qrj'stalhie humour is divided by the iris into two 
chambers, that have a communication by means of 
the pupil, and arc filled with a iimpid water, called 
the aqueous humour. Between the crj'stalline humour 
and the back part of the eye is another much larger 
space, filled with a sort of transparent jelly, which is 
the vitreom humour. The crystaline humour is set as 
it were in the foremost part of this gelatinous sub- 
stance, the refractive power of which is less than that 
of the crystaline. 

What is called the white of the ttf€ is protmced by 
a particular tunic, denominated alhugineous^ which 
strongly adheres to the cornea; it is covered by an- 
other thin, loose, and flexible membrane, called the 
€onJunctive iuniCf which turns back at the border of 
the orbit and forms the internal (surface of the eyehds. 
It has a multitude of little perforations through which 
the fluid passes that corner from the lachrymal gland. 

The eye is provided with different muscles destined 
tp help it forward or draw it biick, to enlarge or con- 
tract it» opening, and to give it a variety of positions, 
thftt it may he able to perceive distinctly objects situ- 
ated at different distances, 
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754. From all the poititi of atij ohjcct that presents 
|itself to the eve, there proc eed my^ that diverge in 
every way ; but of these rays, such as arc dircctcci so 
to b€ able to enter the m\si\\ aperture of the pupil 
form kinds of thin peneils, iti such a manner that the 

I rays of any single pencil are nearly paralleL Let us 
«uppO!ie the ohjeet^ being of an elongated form, to be 
situated horizontally; and, for greater simplicity, let 
us consider only the pencil that conies from the 
middle, and the two that come from the extremities. 
The axis of the first pencil passing through the centre 
of tht cornea, and falling at right angles on the sur- 
face of the crystahne hmnour, penetrates the different 
hutnours of the eye without imdcrgoing refraction in 
tbein. This axis bears the name of the opiie ti.m, 
and is of great use in ex plaining the phenomena of 
vi$ioQ. The other rays which ftJl obliquely on tlic 
1^ rornea are refracted in the aqueous humour, by con- 
B verging towards tlie axis- Their passage through the 
Pi crystaliiic huuiour increases this convergence; and on 
leaving that lenticular body to enter a leas dense me- 

idium, they take a new degree of convergence, which 
is such, that the cone they form behind the crystaline 
humour has its summit precise Ij on the bottom of the 
eye, where it delineates the image of the point from 
which the rays issued to arrive at the organ. This 
course of the rays is similar to what we mentioned 
1^ (642) when explaining the effeets of refraction in 
media terminated by curved surfaces, 

Tlie axes of the oilier two pencils, in entering by 
the cornea, are refracted, as well as the rays that ac- 
company them : these pencils cross afterwards, on 
passing through the aperture of tlie pupil, and na- 
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dergo, in the crystaliiie and vitreous humourB, fmtber 
rcfractioni^ the effect of whicti is to bring the r^vs 
thnt com pose them nearer to their respective a3£es, so 
that they form two new eones^ whose bases are 00 the 
posterior surface of ihe crystaUac humotir, and the 
summits on the bottom of ihe eye, where tltej de- 
Im^tet a$ in the preceding easef the images of the 
point.^ that answer to them in the object- 
All the pencils proceeding from the other points of 
the object act in the ^iame manaer, so ihat a eom> 
plete image of the object ii^ ibrmed on the bottom of 
the eye; but an image that is reversed, in conse- 
rjueuce of the eireumsitauce that the rajs, proceeding 
from points situated on different sides of the middle 
point, cross one another, on passing through the 
pupil. The most common opinion is, that the image 
k painted on the retinn ; but there are anatomists of 
ctilcbrity who liave supposed tlie choroidcs to be the 
true canvai of the picture *, 

We may verify by experiment what we have said 
of the cause of vision, by taking lUe eye of an ox re- 
cently killed, and stripping it of its sclerotica behind. 
If in thi!^ slate the eye be placed in a hole made in 
the window-shutter of a dark room, with the cornea 
outwards, wc shall see, in the transparent membranes 
of the opposite part, distinct images of the exterior 
objects. 

755, This truth once acknowledged, that the instant 
ati object is before the eye, that object has its portrait 
on the bottom of the organ ; it seems as if vision re- 
quired no further illustration, and we may be led to 
f*u(*pose, that our eyes, when they open for the first 
time, are already trainedi and that the mere presence 
f f objecti is sufHcieiU for the impressions made on th^ 
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retina, and transmitted by the optic nerve to tlie brain^ 
to enable the mind to represent those objects to itself 
precisely as ihey are^ and in the places where they 
arCp But we sh^U conceive somethiiig more to be ne-* 
ceisary, if we refieet that the image which is painted 
on the retina is a simple snrface figured and colon red, 
witbout any reliefs, and is besides the result merely of 
the action which the extremities of the rnys that touch 

I it exert on the organ, and has no connection of itself 
with the opposite extremities^ where the body which 
is the object of vision is situated* These considem- 
tions have led many philosophers to suspect that tiiere 
C^cistcd some intermediary agent, serving to connect 
the impressions produced by the rays which bodieti 
sent to the eye, with tlie modiHcations of those bodies 
themselves. Tliey imagined the touch to be in some 
measure instrumental in instructing the eye, and eti- 
abling us to rectify the errors inio which we were led 
by this organ, when it was left to itself. But no one 
has better developed tlie meaiiH which the sense of 
feeling employs in this business than Condi llac * ; and 
it is chiefly from the ideas of this celebrated metaphy- 
sician that we shall attempt to explain it. 

756- Our first lessons are derived from the various 
motions which the hand makes, that has its own 
image in the bottom of the eye. While in turns it 
approaches nearer to or withdraws farther from thift 
organ, it teaches it to refer to a greater or less di- 
stance, to one place rather than to another, the im~ 
pressioQ that is produced on the retina, from the sen- 
timent we have of every position of the hand, aud of 
the direction and extent of every movement it makes* 
While one hand passes over the other, it conveys, in 
a mannerj over its surface the colour, of which the 



Light. 



impression h io ibe eye ; it cifcum scribe a this coloar 
within its Uaiit^j atid excites in ilie mind the represent- 
ation oi a burl J shaped ia such a manaer. Afterwards 
when we touch different objects, the hand directs the 
eye over the several part^ of each of them, and renderiS 
the arrongenicnt and respective positions sensible to 
it; it aeU incessantly with regard to tlie eye, by 
jueaiii of the rays of light, as if it held one eattrcmity 
of a stickj of which tlie other extremity touched the 
bottom of the eye^ ^nd guided thii «tick in succession 
over every part of the object* It seems to infonn the 
eye that the point it touches is the extremity of the 
ray which strikes that organ; and thus while it runs 
ovor the surface of the objectj it seems to pronounce 
its true form. Sometimes uniformly curved on the 
surface of a globe, the outline of which it follows in 
every direction, it marks the distinction between light 
and shade, and givei to what the eye perceives round- 
ness and relief. At other timcsj obliged to vary its 
own figure^ while it adapts itself alternately to the 
fajces and angular projections of a body> it makes 
known the various possitions and arrangement of the 
planes that constitute its surface. 

When the eyes are once instructed, the experience 
they have acquired enables them to do without the 
help of the touch, and the presenee alone of objects 
occasions the return of the same sensations, when the 
rays proceeding from those objects make similar im- 
pressions on the organ, 

757- We have said (754), that the image of eveiy 
object is painted on the bottom of the eye in a re- 
versed situation ; and there are men of talents who 
have inferred from this circumstance^ that we na- 
turally see all objects in this state; but we shall 
readily perceive the little foundation there is for such 
inference, if we consider, that we see our own body, 
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which has its image reversed on the retina, like that 
of other objects ; and thus the mere sentiment of our 
own position determines the sensation which makes us 
t see all objects right. 

At the same titne that the touch instructs die eye 
to refer outward the images of objects, and get pos* 
session of their forms, it exercises it also in the art of 
estimating their position in space, their size, and their 
distance; and when this distance exceeds that to 
which the motion of the hand extends, we supply the 
defect by another exercise, which consists in ap«* 
proaching towards the object till we toych it, and 
then receding from it again ; and by the extent of 
these contrary movements we ascertain its distance 
nearly. When the object exceeds the compass of 
our ordinary movements, the proportions we are ac- 
customed to remark serve us as rules by which to 
apply to more remote objects the impressions that arc 
made upon us ; but as the distance increases, circum- 
stances become less favourable to such applications, 
and beyond a certain limit objects present themselves 
more or less under a deceitful appearance, and we are 
led into that kind of errors called optical illusions, of 
which we shall speak hereafter. Let us give a new 
developement to this interesting subject, and endea- 
vour to follow the eye from the spaces where it is 
directed by a sort of remembrance of the lessons it 
has received from the touch, to those vast regions 
which it leaps over, far, very far from the circuit it 
traversed with its guide. 

758. When we look at an object, there is always 
some point of it that attracts our notice more parti- 
cularly than the rest, and towards which the two optiq 
axes are so directed that this point becomes the sum- 
mit of the angle they form between them. In pro- 
portion as an object is nearei: or more remote, or. 
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which amount!! to tlie same thing, as we adrance to- 
\rard§ it or recede from it, the eyes are coDtlnuallj in 
motion to vary their figure and position, in such a 
manner that the two optic axes always coincide with 
the same point of the object. When the distance is 
such, that we can measure it bv a movement of the 
hand^ or by advancing to touch it, the sentiment we 
have of the motion which the eyes make at the same 
time to direct themselves towards tfie object, gives us 
the habit of judging of distances from the impressions 
that are connected with these motions, and of esti- 
mating at the same time the position of the object ** 
Hence it is that the hand goes directly to the object 
that is within its reach, and which it wishes to touch 
or lay hold of ; hence also it is, that with both eyes 
open we are sure to strike with the end of a stick an 
object placed within a certain distance : but if we use 
one eye only to look at the object, the point of union 
of the two axes no longer existing, it becomes much 
more difficult to judge of the position of the object, 
as we may ascertain by the following experiment f • 
Suspend a ring freely to a string on a level with the 
eye, but in such a manner that you cannot see the 
hole of the ring* Take a stick about a yard long and 
fasten another smaller stick crosswise to one end of it- 
Then shut one eye and try to thread the ring with the 
small stick, and you will scarcely ever succeed : but 
use both eyes, and you will do it on the first attempt 
7^9. It is in consequence of both the optic axes 
being directed exactly towards that point of the object 
which we look at in preference, that when w^e want, 
relatively to that object, a mere levelling line, as when 
the sportsman takes aim at the animal he would slioot^ 



• MiUebranclie, Recberclie de k V^rit^j vol I, p. 115, and 119. 
t Mu*(^he^b^oek, Euti de Fh^% vol 11, ^ 568, No, IStU. 
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we shut one eye to ascertain better in what direction 
the object is. 

760. Though every object that i« before our eyes 
has its image in both organs, yet objects are not seen 
double; because, having previously ascertained, by 
help of the touch, that such an object was single, at 
the same time that each optic axis was directed to- 
wards it, and its image was painted in the correspond- 
ing parts of each retina, we have connected the idea 
. of unity with the sentiment of those impressions, and 
have accustomed ourselves to identify two sensations, 
which, so to speak, are in unison with one another. 
But if the two optic axes no longer concur towards 
the same point, as when we slightly press one eye 
sideways with the hand, the object appears double, 
and it is evident that the two images do not then fall 
on the corresponding parts of the retinae 

761. There is another angle the consideration of 
which b of importance, in relation to the phenomena of 
vision. It is formed by the two rays which, on coming 
from the extremities of the object, cross one another 
in the pupiL This angle is called the visual angle. 

Behind this a second angle is formed, by the same 
rays passing through the crystaline and other humouri 
of the eye. This angle subtends the diameter of the 
image on the bottom of the eye, and it is obvious that 
it increases and diminishes with the first angle ; and 
' when these angles are small, their increase and de- 

* A HBikr illusion may be produced, that has its origin in the tooclt. 
If we {MM ibe middle finger over the forefinger, so as to make this last turn 
towards the thumb, and we then place a small globular body under the tips 
of these fingers, and press it, that it may be more exactly in contact with 
diem, we shall imagine we feel two globes. In this case, the finger that is 
placed oot of its natural poiiition exerts an action, which, uo longer in 
tccord with the other finger, gives ri:»e to a sensation that seems to refer to 
a new object Ib this expcriraeat the fingers may in a manner be said to 
MjniBt. ^ 
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crease, as well as the increase and decrease of tb 
tUametCT of the image, are apparently in the inverse 
fetio of the distances of the object from the eye* 

Now the magnitude of an object may be under- 
stood in several different relations. The true dimen- 
sions of an object, considcrvd in itself, give what is 
called its real or absolnte magnitude, and the openings 
of the viaiial angle determines the apparent magni^ 
hide: from which we see tbat^ the real magnitude 
being a constant quantity, the apparent magnitude 
varies continually with tbe distance, real or imaginary, 

762, If we always judged of the dimensions of an 
object from its apparent magnitude, every thing 
around us would be continually undergoing in this 
respect very sensible variations, which would lead us 
into strange mistakes* For example, a giant twenty- 
four decimetres (or 8 feel) in height, seen at the di- 
stance of four metres, would not appear taller than a 
dwarf of six decimetres (oj- 2 feet) seen at the distance 
of one metre ; for both would be seen nearly under 
the same angle. 

Bnt the experiments we have made oji the com- 
parison of distances with magnitudes by the lielp of 
touch, have enabled us to correct our ideas, in dr- 
eams tances respecting which it is of the greatest im- 
portance to us that we should avoid jnistakes, that is, 
in those which relate to objects that are near us: for 
then the distance, of w^bicb we judge with sufficieiit 
accuracy, is in our estimation ascertained, and we are 
prevented from being imposed upon by the erroneous 
notion that might result from the single consideration 
of magnitude. 

Thus the different positions of the eyes, answering 
to the variation of the angles formed by the opdc 
axe:^> in proportion as tbe objects become nearer or 
more remote, reproduce in us the tmpressioti of the 
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diistancey such as the touch has taught us to estimate 
it; and this impression combiues iueif with that of 
the apparent magnitude, or the extent which the 
image occupies on the bottom of tlie organ, so that 
the sensation which represents to us the real magni- 
tude is as the product of these two elements. For 
example, if a giant twenty-four decimetres in height, 
who at first was at the distance of two metres, should 
remove to a distance of four metres, on one hand his 
image on the bottom of the ej, es is diminished by 
half, but on the other, the distance becomes doubled ; 
and the sort of combination that takes place in us of 
the two impressions, one relative to the magnitude^ 
and the other to the distance, answering to each po<* 
sition of the giant, is equivalent, if we may so express 
ourselves, to the constant product of two quantities, 
of which one increases in proportion as the other di- 
minishes: whence it follows, that the giant always 
appears to us of the same height. 
, We infer also from what has been said, that when 
two unequal objects are placed at the same distance, 
we judge of their respective magnit'^^ns fr- . ^.^^ "nro- 
portion between the visual angle appeTtaining to each, 
or between the magnitude of their images on the 
bottom of the eye : for then the two products that 
result from the impression of the distance combined 
with that of the magnitude, are a common quantity, 
^videlicet, the first impression, for which we may sub- 
stitute unity ; and thus they are proportional to the 
other quantity, which is the impression of the mag- 
nitude. 

763. As long as the objects are sufficiently near to. 
lis for the angles formed by the two optic axes to 
kave a perceptible measure < enabling us to compare 
^m, so long wilt the motion of our eyes, respecting 

▼ 01. n. T 
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these anglesp assist us in representing to ourselves, 
with a degree of accuracy , the distancet, and at the 
same time the tnagnitudes, whose estimation depends 
in part on that of the distances; biu when the re- 
moteness of the objects renders these angles so small 
that they escape corn pari son, the adjudged magni- 
tudes depend in great measure upon the apparent mag- 
nitudes : and thus an object situated at a considerable 
distance appears to us much smaller than it really is. 

764. We also judge objects to be nearer or farther 
off accordingly as they are more or less clear, and 
our perception of them is more or less definite and 
distitict* Ft is in conformity to this and the preced- 
ing principle, that painters diminish the size of ihcii' 
figures in proportion as the objects they represent arc 
tup posed to he at a greater distance, and that they 
give to the outlines very faint tints, or even sketcli 
these outlines so lightly that they are lost in the f» 
lour of the ground of the picture, when the dtstanofl 
is very considerable. ' 

765, Lastly^ when between m and an object several 
other objects intervene, this new circumstance assists 
us still further in estimating the distance of the first 
object, by a sort of addition which we make of all the 
distances of the intermediate objects, to fornt of thein 
a total distance : from which it follows, that the object 
in this ease appears to be farther off than it would it' 
the intervening space were unoccupied, and furiushed 
HS with no rallying point from which to cfunpule the 
divisions of the distance. 

7fiti* To confirm what we have said upon tlie sub- 
ject ol* vision « we shall add an example or two that 
piove to what degree tlie eye h deficient in tlie art of 
teeing, when it admits light for the first time. A 
yttush of tliirteoi years, on wham Mr. Ciieselden had 



Manner in which Vision » effected. £73 

performed the operation for the catarac^^ *, was at first 
so far from being able to judge of distan^ esy that he 
•apposed all objects alike to touch his eyes (these are 
his words) as the things which he felt touched his 
skin. The objects most pleasant to him were those 
of a smooth surface and a reu:ular form, though as 
yet he was unable to judge of form, nor could he teU 
why he preferred these objects to others. It was up- 
wards of two months before he could perceive that 
pictures represented solid bodies : he had before con- 
sidered them as planes diiferently coloured ; and when 
he first began to distinguish the reliefs of the figures, 
he expected, on touching the canvas, to find in 
reality solid bodies, and was greatly surprised on 
passing his hand over the parts, which, by the distri- 
bution of light and shade, appeared round and un- 
even, to find them plane and smooth like the rest. 
He asked which of his senses deceived him, was it his 
sight or his feeling? He was shewn a miniature 
picture of his father that was painted on the case of 
his mother's watch, and he said, tbat he perceived 
the representation of his father ; but he asked, with 
the utmost astonishment, how it was possible for so 
large a visage to be contained in so small a space? 
which appeared as impossible to him as for a pint to 
hold a hogshead f . 

The same operation performed by Mr. Grant on a 
blind man of the age of twenty, was followed by simi- 
lar circumstances. When the eyes of this youth were 
first struck with the rays of light, his whole person ex- 
hibited the most extraordinai'y ecstasy. The operator 

* The cataract is a privation of sight occasioned by the opadty of the 
cryitaline ; and the remedy if to displace the crystaline either by depress- 
ing or by extracting it 

i PUHosophicalTittiiaetioot, No. 402, toI. XXXV. 

T ^ 



«76 



was before him with his instruments in his hand : the 
youth examined him from head to foot, and seemed 
to compare his own figure with that before his eyes ; 
every thing appeared to him similar except the hands, 
for he took the surgeon's instruments for parts of the 
hand. He wished to walk, and seemed terrified at 
every thing around him. He could not reconcile the 
sensations he experienced from sight, with those 
which the same objects had produced on him by 
feeling ; and it was only by degrees that he was able 
at length to distinguish and understand forms, co- 
lours, and distances * (c). 

* Gazette Litt^raire de r£arope» 21st of March, 1764. 

(c) Mr. Ware» in December 1800, restored sight to a boy about eight ytMtf 
old, who had been blind from the age of a year, by puncture of the capsule 
of the ciystaline. This eminent oculist remarks, that, contraty to the ex- 
perience of Mr. Cheselden's patient, who is stated *< to have been so £ir 
from making any judgment of distance, that he thought all objects touched 
his eyes, as what he felt did his skin,** this young gentleman distinguished, 
as soon as he was able to see, a table a yard and a half from him ; and 
proved that he had some accuracy in his idea of distance, by saying that it 
was a little farther oif than his hand could reach. Nor was this the onlj 
particular in which this youth differed from Mr. Cheselden*s patient, wbtr, 
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Optical Illusions. 

7fl7- We have already had occasion to mention the 
mistakes into which we are led by our eyes, when the 
objects are out of the circle of our ordinary observa- 
tion ; and we have seen in this case, that we deceive 
ourselves equally both as to magnitude and distance. 
Another cause that helps to impose upon us, is the 
diversity of positions which bodies assume with re- 
gard to us, arising either from the motions by which 
they arie transported in space, or from those which we 
make ourselves. The circumstances which determine 
these errors, to which the name of optical illunom 
have been given, are extremely various ; the sphere 
that embraces them is immense; they extend even 
to those vast bodies that revolve in the celestial 
regions, and the hypothesis relative to their influence 
on the manner in which many of the planetary phe- 
nomena exhibit themselves to our observation, is be- 
come the foundation of a theory that reduces these 
phenomena to a happy simplicity, which were before 
so embarrassing to persons desirous of seeing realities 
in their simple and genuine appearance. We shall 
explain some of these illusions, selected from such as 
are most familiar to us, or best entitled to notice. 

768. There is no person probably who, standing at 
one of the extremities of a long avenue, has not ob- 
served that the two rows of trees of which it is formed 

pointi iimilYed in dpubt • The reader who wubet to acqoaint himself with 
llie kadiiig {Hrindplet of the different hypotheses, should peruse, in addi- 
tkm to what is htra ghren by M. Haiiy, Berkeiaft Eaay Unoard$ m New 
Tke&nf tf VitUmr-WeUift Ktuty on Single Vishni^urin't Eitay on Viium^ 
at the end of SmitKi OpticSt-^RobMs I{emark$ on this Eiioy, in vol II. of 
his TrmcU, and the article Vision in HutUnCs Dictionary^ where there is a« 
ibitrad of the tiieoxies of Porterficld^ Yomngt and Hoscicfc.*-TB, 
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appear to converge towards each other, sa as even t& 
touch, if the a%^etiue be of sufficient length. In this 
caae the intervals between the corresponding trees on 
€B€h side sobtetid visual angles that regularly di- 
minish, till at last they are insensible at a great di* 
stance. It follows from this, that in the sniali picture on 
the baltom of the eye, the images of the trees are situ* 
ated on two lines that are inclined towards each other^ 
and tend towards a common point ; or, which amoiints 
to the same^ the intervals between the images of the 
corresponding trees diminish gradually , in buch man-^ 
ncr that the last interval is almost nothing. Now, if 
we suppose that the two optic axes direct themselves 
iuccessively towards the different trees as they in* 
crease in distance, the variatiim of these angles, and 
at the same time that of the impression of the di- 
stance, will continually become less perceptible; and, 
by a necessary consequence, the impression of the 
magnitude, which depends here on the interval be- 
tween the corresponding trees, will be so predamin- 
ant, that it will nearly deter mine of itself the type of 
the sensation ; so that two lines exactly parallel wiH 
present themselves to us under the aspect of two con- 
verging lines. It is owing to a similar cause that, 
when we are at the entrance of a long gallery, the 
ceiling appears to slope downwards a little and the 
floor to rise, 

769. If it be a single plane only that is situated 
with respect to the eye hke one of the planes in the 
preceding instance, as when we are at one end of a 
long piece of water, that plane will also appear to rise, 
more and more in proportion as the parts shall be 
rentote from the spectator; for in this case he com- 
pares the plane with the Hne of the horizontal level, 
which passes through the eye and peribrnis the office 
of a second plane, towards which the first seems to 
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approach in consequence of the diminution of the 
visual angles that proceed from the corresponding 
points of each. 

770. If the spectator at the foot of a lofty tower 
looks to the summit, the tower, on the side on which 
he stands, tfiU appear to incline ; for he compares it4 
position with a vertical line that passed through tht 
eye; and accordingly this vertical and the height of 
the tower are two parallels that should tend in appear- 
ance to meet at the summit (d). In these cases the 
vertical line arid the horizontal line are kinds of ideal 
limits to which the eye refers the visual angles, one 
of the sides of which is always one or other of these 
lines; in like manner nearly as, when we would 
estimate with the eye the inclination of a line ex- 
isting in space, we compare it with an imaginary 
horizontal or vertical line that passes through one of 
the extremities of that line. 

771. When we are stationed at a certain distance 
froni a rising ground, it appears to us longer than it 
would if it were on a level with the horizon ; which is 
evident from the mere inspection of figure 114, where 
m n represents the inclihed positidn of the ground, 
and its length, m rt^ what it would be if it were hori- 
zontal, and nonty n'om, the visual angles answering 
to the two positions. 

772. From the same principles, we shall be able to 
explain a multitude of other optical illusions, that 

There is another sowce of illusion with regard to Tertieal objedik 
In looking upwards, after inclining our beads all we can, we are apt to 
jmaginr that we "have brought the axes of our eyes to point towards tl)« 
senith ; but instead of this being the case, our eyes even tiien look forward 
many degrtes from that point, so that whateter is hi or near the sftnitb 
^eems to hang over as many degrees behind us. And this accounts for the 
greater part of the mistakes that people generally are apt to be uoder, 
cenun^ the atlitodes of ftars having very high elevations.— >Tk. 
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must daily present themselves to the most f 
observer* For exaaipie, if we ate ^itusiied op^ 
the middle of a }oag hue that is rerj remote from us^ 
we £»bai] observe ii to inhect both to tiie righi and 
leii, so as to appear part of a curve, of which the axil 
pa&>es through the eye* If we stmd before a teguiar 
polygon of a certaio extent, the sides that are parallel 
to the surface of our body will look larger thaa ttios 
which are obhque, and the poiygua will have an irr 
gular appearanue. This observation may easily 
made, and we may vary the c ire um stances at pi 
sure> by placing ouraelves in ditferent stations ne 
the great bii^m of the Tuileries. 

773. What we have said leads us to some consi 
derations upon the subject of perspective. The obj^ 
of this science is to represeat on a p ane bodies o 
every form- ^ow, if, for greater simpiieity, we 
pose the body of which we would trace the image 
be termioaied by plane t'acesj liie figures of Uie 
faces will necessarily differ from what ihey arc on 

ody itself. lt\ for example, we would represent a 
cube, we shall be very weli able to give the figure of 
a square to one of the faces of the image ^ but ^h4||| 
two aajoining faces, which concur with the first in 
the formation of one and the same solid angle, will be 
evidently quadrilaterals of a dillerent figure, since th& 
sum of the three plane angles in question, considered 
in the image, ought to be equivalent to four right 
angles, whereas they are only equal to three on the 
solid. Notwithstanding this difference, we fail not to 
sncceed by a certain arrangement of lines w hich t:on- 
stitute a sort of illusion, and exhibit to the eye a faith^^ 
ful portrait of the original object, |^ 

To understand the reason of this illusion, let us supn 
pose a cube to be situated in space, in a given posi- 
tion relatively to the eye of the spectator^ and let us 
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iJso suppose it to be transparent. From what we 
have said of the manner in which vision is eifected, 
it resulu that the axes of the different pencils of 
light transmitted from the different points of the 
cube, and which are the only lines we have occa- 
sion for here, after crossing one another in the aper- 
ture of the pupil, will form a kind of small pyramid, 
whose base will rest on the bottom of the eye, where 
it will produce the image of the cube. Now, let us 
suppose a plane,, or transparent picture, parallel to the 
bottom of the eye, and through which all the axes 
pass that proceed from the different points of the 
cube to this eye, each leaving its impression there. 
The image formed by the whole of these impressions 
will be similar to that which will be painted at the 
bottom of the eye, allowance being made for the 
slight difference that must be occasioned by the 
curvature of this organ. Lastly, let us imagine th« 
picture to become opaque, and that the image of the 
cube still exists in it; that which was at the bottom 
of the eye will be still the same, and its immediate 
object will be the first image, all the points of which 
will send to the eye rays situated precisely like those 
which came from the cube. Now such image is what 
is called the paspective of the cube. .From this state* 
ment we conceive how the image, the traits of which 
are the same at the bottom of the eye as those which 
would be formed there by the rays proceeding from 
tb^ different points of the cube, must represent this 
cube as faithfully as the level of the plane which 
serves as canvas to the picture would permit. Geo* 
metry furnishes rules for tracing the lines that form 
as it were the sketch of these kinds of portraits ; and 
when to this sketch, which possesses in itself a strik-** 
ing resemblance, the art of painting adds the distinc* 
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tion of light and shade, and the magic of colmiriTtg, 
there results from the whole an illusion that is nearly 
perfect, and that wants only a Utile management of 
the eye to excite nil the pleasure of surprise* 

774- One of the moit remarkable optical illusioni 
is that which leads as to suppose the moon to be 
larger when it ri^es, than it h when at a certain 
height above the liorizon. We must all have fre- 
quently been struck with the contrast which the 
diameter of this luiiiinary exhibits^ when compared 
with itself m the two situations we have mentioned. 
To understand the cau^e of this we must reason from 
the [ii inciple timt u e f^ee the sky in the form of a very 
depresaed vmdtj much less than a hemisphere. Let T 
(fig. 113) he the half of the terrestrial globe elevated 
iiht»ve the horizon ni ; apt x half the circle through 
which the moon passes in its diurnal motion, and 
mtgb the curresponding half of the curve which 
boundii the sensible part uf the hemisphere*. The 
diflTereut strata of w hich the atmosphere is composed, 
leflecl in preference the bine rays of the hght of the 
suiif ami they nre the mys passing to the eye that 
occasion the medium to appear to us of that colour. 
The surface *trgbf which represents the limit to 
which all these reflections extend, thtis appears to 
mr eves like a vtiiih, to which all the star^ seem to 
be attached. Let us supj>ose a spectator placed at 
Ihe point 0, and lei us dniw from this point a plane, 
|»ni, pandlel u> nr. The sj>ectator, to whom the 
enrvaiure of the earth is imperceptible, will he cir- 
ciiuistatieiHl prtvisely as if this plaae really esristed, 

* Fur ffmm UctBv of cfuckiatwD. w« hm ttpftseaxt^ ihc atnio* 
tplwtt m matt ttmv^^t ibm it b«t tlte tnuf »tiice tli^ga it a. 
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9&d thiui the celestial vault will be reduced in his 
estimation to the arch dcge^ which rests on the same 
plane; from which it tbllows, that the extreme points, 
df e, of this vault will be seen by him at a much 
fpreaxex distance than the culminating point /. 

On the other hand, the objects that are interposed 
between us and the moon, when this luminary is at 
the horizon, contribute still further to increase the 
apparent distance of the points, d, e, with regard to 
the spectator (764 and 765), and to diminish the cur- 
vature that he ascribes to the celestial vault. 
. Let us suppose flh to he a, section of this vault, 
such as it appears to us from the double effect we 
have mentioned. The arches pu, ix, being deemed 
infinitely small, on account of the great distance of 
the moon from us, the instant its centre arrives at n 
may be considered, without palpable error, as that of 
its i^ising. The spectator then sees it under the angle 
parp and refers it to L, at the distance of. When 
tke moon is afterwards arrived at that is, at the 
meridian, the spectator sees it still under the same 
IMigle, //or', but refers it to /, that is, to a point that 
is much nearer to him; accordingly, though the 
ioiage of the moon always occupies the same space 
in the eye of the spectator, yet as that luminary ap- 
pears to be at a smaller distance, he judges it to be 
smaller, in the proportion nearly of o / to of; for then 
the two products that result from the impression of 
the magnitude combined with that of the distance 
(762) having a common quantity, which is the first 
impression, are in some sort proportional to the 
second ; and thus we form an idea of the real mag- , 
nitude from the proportion between the apparent 
distances. 

Mallebranche, to whom in great measure we are 
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iodebted for this explanation, has verified it hy ait 
experiment both simple Jii itself and easily made, 
which is by looking at the moon in the horizoa 
through a piece of smoked glass. In this case it ap- 
pears no larger than wiien at its meridian height, if 
the glass be plaeed so near to tlic eye as completely 
to echpse all other objects and alForU no opportunity 
#f estimating distances * (e). 

773- We shall now proceed to optical illusions that J 
have their source in motion. Let us conceive fitiit an 
immoveable objectj and a spectator who moves, from 
the left to the right, for example, but in such a man- 
ner that he is not conscious of it. The object in this 
case being continually more to the left with regard to 
the spectator, his eye will receive the same impression 
as it would have done, if, immoveable himself, he had 
«een motion communicated to the object from the 
right to the left. In general, when we move without 
perceiving it, we refer such motion in a contrary 
sense to the objects about us. Thus, when we are at 
rest in a boat that is in motion, we see the trees^ 
buildings, and other objects, approach, pass before us, 
and remove to a distance, accordingly as the boat is 

• Eecherclic de U V^rite, vol I, p. 137, sccj. and vol. HI, p, 159, 

(c) The sun mdergoes a sirnUnr aiie^nicntatiwii in its apparrtit djameter 
when near the hoKzonj and fur a $rinikT reason : thh drcurti&tuice maj 
perhaps have suggested to the poets in their personiilcatiou* of thin iuaiia* 
iiy, the pTopriely of aa^iug, that he Tisc$ tike 9 ghmt. 

The ahove eiplicatiun oi the phenomena of the liorizontal sun and moon, 
U stated preferably to the nearly lumlogous oue given iu Sauth'a Optics : far 
Uioiigh hotli authors ieek for the source of Ihe illusion in the apparent flat- 
ness of the sky, yet M, Hauy h far the moat successful iu tracing Ihc sup- 
posed cause of that flutnefSj and iu caimecting one ajvpearjince with ihe 
father. Dr. Okely ha^ lately given an explanation Jiiii<:[i like ilaiiy's (seo 
Phil Journal, No. 53, N. S)* but proWIy witbuut being at ail awiu-c <if 





Optical Illusions. 



TOWed in oppOisite directions. A celebrated poet h^g 
expressed this sensation in a very picturesque mannec 
when he makes the navigator say, on setting sail, 

Provehimur porta ; terraque urbesque recedunt *. 

776. Let us suppose that a spectator, believing him- 
self at rest, moves to a certain extent represented by 
A B (fig. 115, pi. XVIII), while an object at a certain 
distance passes over a b. In this hypothesis, A f will 
be the visual ray in the direction of which the spec- 
tator will see the object when he begins to move, and 
B d that of the direction in which he will see it when 
he stops. Then if the relative positions and the re- 
spective length of the lines AB, ab^ are such, that 
the two visual rays intersect in some point, c, the 
object will appear to the spectator to have moved 
from the left to tlie right, or from / towards d, that 
is, in a direction the reverse of the motion that has 
really taken place according to a b. 
' To render this explanation plainer, let us suppose 
that at the commencement of the motion the specta- 
tor looked at the object when at a, through a tele- 
scope in the direction Aa; in this same position he 
keeps the telescope during the rest of the motion, so 
that when the object is arrived at 6, the glass has the 
direction, B /i, parallel to the line A a. Then, to see 
the object anew the spectator is obliged to place the 
telescope in the position B 6, that is, to make it turn 
from left to right, which leads him to imagine that 
the object has moved in the same way. 
r 777. Let us now conceive that the spectator moves 
through A B (fig. 1 16) while the object passes through 
d bf in the reverse direction of A B. If the spectator 
>were stationary, the visual rays belonging to the two 



* Virgil, ^neid« book verae 72. 
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extreme terms of the mot ion of the object would be 
Aa/'Aud AAr, so that the spectator would judge of 
the magnitude of this motion by the openhig of the 
single bAa^ but as he has himself moved through 
AB, the two visual rays will be A ^'and Br/, and the 
angle by which the spectator will estimate the extent 
of the motion will berfr^*, or its equal Ar B, greater 
tliari the angle bAc, that would have obtained had 
the spectator remained stationary, since it is equal to 
the sum of the angies bAc^Ab c. The spectator 
therefore will deem the motion of the object to be 
more rapid than it really is, because by ascribing to 
it his own motion along A B, according to a direc- 
tion, B A, wiiich is the same as that of the motion of 
die object^ he will ascribe to it a velocity that does 
Dot belong to it. If llie spectator were to employ 
kere also a telescope to look at the object, this tele- 
tcape m first directed in the line AJ\ having at the 
end of the motion a position according to B/?, pa- 
rallel to Af, would describe, in tuniing, the angle 
M B rf» considerably larger than t ne angle that would 
have been formed bad the spectator continued at rest. 

778, Lastly, let us suppose that the tnotion^ A B, of 
the spectator (fig, 117) and the motion, of the 
©bject are not contrary to each other; and that the 
directions of the lines they describe are so combined 
viih the periods of time employed in forming those 
ItneSj that the visnal rays A a, B6, belonging to the 
two extreme terms of the motion, and all the rest 
which relate to the intermediate points, are invariably 
parallel to one another: then the object will appear 
at rest to the spectator, w ho imagines himself to be at 
mt| and we readily perceive that he will constantly 
stH* the object at the end of a telescope that should 
remain in a utaforui position during the whole ex- 
|>ertment. 
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The hypothesis of a spectator, when in motion him- 
self without being conscious of it, ascribing the mo- 
tion in a contrary sense to objects that are at rest, haa 
enabled us to explain the apparent diurnal motion of 
the sun, in consequence of the real motion of thu 
earth round its axis ; and upon the same principle we 
may account for the annual motion which the sun ap- 
pears to have in the ecliptic ; while the other hypo- 
theses, relative to the simultaneous motion of the 
spectator and some object before his eyes, have fur- 
nished the true cause of the seeming irregularities 
Jn the periodical revolutions of the planets, accord** 
ingly as they are thought to take a retrograde course 
in their orbits, or to move with increased velocity, or 
to remain stationary for a time. 

779. When, while we are running, we look at an 
object that is at a great distance and has no motion^ 
or none but what is imperceptible to us, it seems as if 
the object ran with us and in the same direction ; as^ 
for example^ when in running we look at the moon< 
The visual ray, constantly directed towards that lu- 
minary, forms with it in this case, on account of the 
immense distance, such small angles, in proportion as 
it changes its direction, that the directions are to the 
senses parallel to one another, so that the moon ap- 
pears to move at the extremity of that ray ; and as 
we have the sentiment of the motion which the eye 
QX^es, from which the 4ame ray proceeds, we ascribe 
a similar motion to the moon (J'). 

^fy Tbe cuiioiif phenomenon of accidental coUmrh tint attended to h§ 
^aSaOp deaenret tome meutkm i^tder the hewi of opticid iUusipnt. TKw 
jhenoMCoon ii tfaii : If a penon look stedlmstlj and for a oonsiderahla 
€une at a small red square painted upon white paper, he wifl at last observt 
9 knd of green coloured border tunound the red square. If he now turn 
•Sm eyes to sonpe other part of thar paper, be will see an imagiBarj square of 
^ deUoate green berdeiing on Uaer and oaorespoading exactly ni . poipt ef 



We have said (62/)) that the progressive motion of 
Hght, cumbiiied with tliat of the earth in its orbits 
hatl furnished the explanatioti of tlie pheiioaienori 
called the abtrration nf the stars. This explanation, 
which reduces the phetioinenoii to a simple optical 
illusion^ naturally oHers itself here* 

780. There liave been ob^ervxd in the fixed stars 
slight motions, which some philosophers had been led 
to regard as an appearance produced solely by the 
earth's motion in its orbit* Let us choose the most 
simple case, which most be that where the star which 
\vc take for an example, shall be situated at the pole 
of the ecliptic, and let us suppose the conjecture of 
the astronomers we have just mentioned to have some 
foundation. On this hypothesis, in which the ob- 
tenrer will ascribe to the stiir his own insensible mo- 
tioHj it is clear that his different visual rajs, directed 
constantly towards the star^ will form a cone, of wrhich 
the base will be the ecliptic and the summit will coin- 
cide with the star. The same rays prolonged will 
form above the star a second cone opposed to the 

thu with the red sqtiarp. This 1 magi nary square continue* visible for some 
dmej aDd mdi-ed rlu«$ not disappear till the eye has viewed sucrcessiTelj i 
number of new abjecU^ Tu this inmerinary square the name of uecidi^titl 
colour has been given. If the square be tfdloie, the accidents] cokjur is 
btne ; the aoddenlal cnlour of gr£;en ts red ; of blue, y^Huw ^ of white, 
blaek ; while on the contrary , tJiat of black is whitci. And in gencml, the 
accidental caioar 'la the colour resulting from tbe mixture ai all the Taj§ of 
light, those mjs eKceptud which are the same with the priiuitivc colour. 

The theory of accidental colours was considered by BufFon in the Me- 
iDoirs of the French Acisdemy for 1T43 y also hy Dr. Darffln and some 
othef philostipliifi's : hut Che most satisfactory eiplanatlon we bave seeni If 
that hy Profetsor Scherfferj of Vienna, publisbed in the Journal de 
Fk^$iqutf and an abstract of it under the artide Co Lou n^ in the Suppii'- 
m^ttt ta the Fncyctopigdm Britannica, 

For lAii elucidation of the probahZe causes of many other optical iUaainn^ 
file reader ma^ cousult the vkluable treatisei of optics by iiorrit ^ni 
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first by its sammit ; and the sper^tator referring the 
star coDtinualy to t!)e direction of these prolonga*-' 
tions, will imagine that he sees it describe a small 
circle in the heavens, in such manner that the star 
will always appear to him in tiic point of the circle 
diametrically opposite to the point of the ecliptic 
which he will occupy himself. 

But the fixed stars are at so great a distance from 
the earthy that the angle formed by the visual rays, 
which, proceeding from the two extremities of the 
diameter of the ecliptic, pass in their cour.'^e tlirough 
one of these stars, and which is called tlie angle of 
the annual parallax, is so extremely small that it 
cannot be appreciated, and no sensible appearance 
of motion therefore can accrue to the star from this 
cause. The phenomenon also, as furnished by re- 
peated observations, is totally different ; for the star, 
instead of appearing in the part of its annual circle 
opposite to that of the ecliptic in which the observer 
is, is 90 degrees on this side of it, and is thus always 
so far behindhand with respect to the motion it would 
hav^ by virtue of the parallax. Besides, the angle 
formed by the visual ray directed towards the star, 
with the line that passes through the centre of the 
circle in which is the real position of the star, is 20" ; 
whence it follows, that the diameter of the circle 
w^hich it appears to describe in the course of a year 
is 40^. 

-78U Dr. Bradley, who had observed with great 
msidaity all the circumstances of this apparent motion 
of the fixed stars, discovered at last the true explana- 
t:ion of the phenomenon; and the idea which suggested 
it to him was one of those happy strokes of genius 
that constitute an epoch in the history of the sciences, 
^^ut before we proceed to the explanation, let us 
Establish the principle on which it is founded. 
VOL. 11. u 
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Let m suppose that a ray of light, in proceeding 
from the radiant point a (fig. 118); strikes an eye situ* 
ated at m, in a direction am, and with a velocity re- 
presented by that line ; let us suppose further, that at 
the moment the eye is struck by that ray it is itself 
moving in a direction m f; and let us represent by 
m n the space which it passes through in every instant 
of time, equal to that which the ray employs in passing 
through am. The eye receiving at m the ray am, will 
itself strike it with the force of its own vejocity mea- 
sured by m n ; and we shall conceive, by a little atten- 
tion, that this apparent impression would also take 
place on the supposition of the ray being impioveable 
in space. But, on the other part, the eye really re- 
ceives the impression of the motion which the ray 
had in the direction a m ; whence it follows, that if 
we complete the parallelogram mnda, the two im-- 
pressions will be confounded in such a manner that 
the eye will be in the same case as if the ray of lights 
had struck it in the direction of the diagonal dm^ 
From which we conclude, that the eye will see the* 
radiant point a in this samie direction. 

It results from what we have said, that if the ve- 
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motion is to mak^ us see the stars where they arc not, 
and to produce those appearances so happily ex- 
plained by Dr. Bradley. 

782. Let a (fig. 119) he the true place of a fixed 
star, which we still suppose to be situated at the pole 
of the ecliptic ; let t nzm be the circumference of the 
circle, and ti the station of the spectator. While the 
eye of the spectator is struck by a ray, a n, issuing 
from the star, it strikes it itself, in such a manner that 
with regard to the spectator the impression is trans- 
formed into that which he would receive if his eye 
were struck in the direction rn, coinciding with the 
tangent at the point n. Let us conceive an and nr 
to have the same proportion between them as exists 
between the velocity of light and that of the earth in 
its orbit, and let us complete the parallelogram anrc. 
From what we have said but just now, the eye will 
refer the star to the direction of the diagonal nc. 
Now the velocity of light is to that of the earth in its 
orbit as 10313 is to unit; and if we calculate from 
these data the value of tUe angle a n c we shall find it 
to be SC/', conformably to observation. 

Now if the motion of the star could be the effect of 
the parallax, the spectator placed at n would reier the 
star to the direction of the line na; from v.bich it 
follows, that he would see it at the point which an- 
swers to d, on the corresponding diameter of the small 
annual circle which the star would appear to describe 
in the heavens : but he sees it, on the contrary, at the 
extremity, c, of the diameter which cuts the preceding 
one at right angles. The same effect will be repeated 
during the whole motion of the spectator in the 
ecliptic; and thus the star in running through its 
circle of aberration, gcdby is always, as we observed 
before, 90 degrees behind, with respect to the posi- 

u 2 
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tion it would have, if the annual parallax were the 
cause of it apparent deviations. 

We have reduced the phenomenon to the simplest 
case, namely, that in which the star being situated at 
the pole of the ecliptic, all the rays which it sends to 
the spectator are perpendicular to the route of the 
eye ; so that the star appears to (describe a circle, be- 
cause the difference between the two diameters of the 
ellipsis that represents the earth's orbit may here be 
neglected: then, the measure of the aberration is 
constantly 20". The apparent motions of other starr 
which have different positions produce ellipses more 
or less elongated, in each of which the quantity of 
aberration increases and diminishes alternately, in pro- 
portion as the star approaches the extremities of the 
large or small axis of its ellipsis. 

The explanation which Dr. Bradley has given of 
the phenomenon we have been considering, at the 
same time that it confirms the discovery of the pro- 
gressive motion of light, adds to the proofs we pos- 
sessed before of the earth's motion round the sun; 
and it is thus that truths derive new force from results 
that shew them to us as forming so many links in the 
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ing with objects of all dimensions, of every form and 
every colour. In an indivii^ible instant the scene is 
conveyed to the bottom of the eye, on a space in- 
comparably smaller than any one alotie of the objects 
it embraces; and tlio rays which, as mesucngers in this 
business, hasten from all the objects, nay more, from 
^11 the points of every object, pass, seemingly in con- 
fused crowds, through the aperture, much smaller still, 
of the pupil, without their harmony being at all de- 
ranged. The eye, in its turn, without any confusion, 
seizes on this immense wliole, of which the minutest 
details form each a whole; it separates or groupes 
them at its pleasure ; and while the ear, struck by too 
many Toices at once, hears nothing but noise, the eye, 
amid the diversity of languages in which so many 
objects seem to address it, understands the meaning 
of each ; nor is this sort of commerce disturbed even 
by the contrast which the motion of some, forms with 
the stillness of others. Let the eye change its posi- 
tion; let it look to another quarter: a new scene in- 
stantly arises, a new concourse of various impressions, 
still, as in the preceding instance, clear and distinct: 
every thing extraneous relatively to the eye i^ 
changed ; but the eye itself is invariably the same. 

Such is the organ of sight, when, alone, without 
any adscititious aid, it exerts its natural faculties. 
We have now to' examine what the arts have done to 
extend still farther its power and procure it new 
modes of seeing. 

Effects of regularly reflected Light on Vision. 

We have explained (725, et seq.) in what manner 
,f be rays of light reflected by the more or less uneven 
^ux-fiEujes of ordinary objects, enable us to perceive tht 
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forms and colours of those objects. But when the 
reflection takes place regularly on the surface of po- 
lished bodies, to which the name of mirrors has been 
given, the rays sent from such surfaces are directed 
towards our eyes as if they came from the different 
points of an imaginary object, that presents itself to 
the organ with all the features of reality. We shall 
examine in order the properties possessed by plane 
mirrors, by convex mirrors, and by concave mirrors. 
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784. If we suppose a radiant point situated oppo- 
site to a plane mirror, w^e evidently perceive, in the 
first place, that this point sends from all its parts 
divergent rays to the surface of the mirror. Now let 
us imagine an eye to be situated before this same 
mirror: among the rays reflected in an infinity of dif- 
ferent directions, there will be a certain number that 
will be directed towards the aperture of the pupil 
through whicli they will pass, and we jnay consider 

i'h\- v%''1 i^i n ;i 1 i-i m i -^r^ 1 cone, of 
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the rays have at the instant of their arrival ; every 
thing else takes place without its heiiig conscious of 
it: and because it is in the habit of referring the 
objects to some point of the direct line in which the 
rays strike it, it will see, at the im<iginary summit of 
the cone which has entered the pupil, an image of the 
radiant point, which will produce in it the same illu- 
sion as if this point hud been suddenly conveyed be- 
hind the mirror. 

It is besides easy to conceive that the inijige will be 
placed at the same distance beyond the mirror as the 
object is on this side of it, since the imaginary cone, 
which terminates at this image, is equal and similar 
to the real cone which comes from the object, and 
forms the same angle with the surface of the mirror. 

We shall enter more completely into this explana- 
tion by the help of fig. ICO, where A B represents a 
line taken on the surface of a plane mirror, li the ra- 
diant point, slit the cone of rays which, after being 
reflected at st, proceeds towards the eye placed at O, 
and causes it to see the image of the radiant point in 
the place, r, of the imaginary junction of the rays ms, 
n t, and of ail the intermediate ravs. 

785. Instead of a simple radiant point, let us place 
before the mirror an object that has extent of three 
dimensions; the results of the reflected light will still 
be the same as those of the direct light, that is, the 
eye will see behind the mirror an image equal and 
similar to the object, and so situated, that all the cor- 
responding points of both will be at tlie same distance 
on this side and the other of the mirror. 

786. We may easily judge that the gestures we 
may make before a mirror are repeated in a contrary 
way by the image ; and on this account, when we 
would perform, by the assistance of the mirror, mo- 
tions which require that we should see ourselves^ some 
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previous practice is necessary, to avoid the errors into 
which this deceiifui imitation would lead us. 

787. We Can see in a mirror but a part of ourselves^ 
the height of which will be double that of the mirror: 
for the height of the image represents the base of a 
triangle, the sides of which -are those of the visual 
angle that subtends that height; and, in the same 
case, the height of the mirror represents a line that 
cuts the triangle in a direction parallel to its base. 
Kow this line divides each visual ray into two equal 
parts, since the mirror is equally distant from the 
image and the eye; whence it follows, that this line 
is equal to half the base of the triangle. Therefore 
the height of the mirror is also half the height of the 
ii^age, and at the same time of the part of our body, 
which this image represents in its natural size. 

788. The distance of the eye from the mirror and 
the height of the mirror and the object being given, 
we may easily ascertain at what distance from the 
mirror an object must be placed that it may be com- 
pletely seen there in a position parallel to tfciat of the 
mirror ; for, supposing the thing done, arid the con- 
struction to be the same as that above (787), we shall 
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wUch is equal to th« distance of the eye from the 
mirror, plm» that of the mirror from the image ; from 
which it follows^ that by retrenching from the fourth 
term the distance of the eye from the mirror, which 
is given, we shall have the distance of the mirror from 
the image, the same as that of the object from the 
mirror. For example, if the height of the mirror is 
1*6 metre and that of the object, 2*4 metres, and the 
distance between the eye and the mirror is 4 metres, 
we shall have 6 metres for the distance of the eye 
from the image, from which having deducted 4 metres 
the distance of the eye from the mirror, we sliall have 
d metres for the distance at which the object must he 
placed from the mirror to be seen in it completely. 

789. When the object moves before the .mirror, by 
advancing towards or receding from it, tbc image be- 
hind the mirror performs in its movements the same 
journey as the object; but if the mirror approach to- 
wards or recede from the object, the image performs 
a journey as far again as the objects Let us suppose, 
for example, the mirror to recede a metre from the 
objecj^ ; if tlie image only receded in the same degree, 
its distance with respect to the mirror would be the 
same as before the motion, and would thus be a metre 
less than that of the object. The image therefore 
must move two metres for the distanbe on each side 
to continue equal. 

790. It results from what we have just said, that if 
the object be in a vertical position and the mirror in- 
clined 45° to the horizon, the position of the image 
will become horizontal, since it would be necessary 
that each point of the height of this image, which 
was at first situated vertically, should have described 
an arch of 90®, which cannot take place without the 
image appearing parallel to the horizon. 

791. We see by this, why the motions of images 
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represented in water are muoh more perceptible than 
the agitations of the liquid. These sorts of image* 
are besides always fainter and as it were sketched 
only, because they are merely produced by the reflec- 
tion of the rays that escape the refractive power of 
the water (647). This partial reflection takes place 
equally in glass mirrors; and hence it is that such 
mirrors give two images of every object, of which one 
is produced by the rays which reflect themselves at 
the front surface of the glass, and the other by the 
rays which, having penetrated the thickness of the 
glass, reflect themselves on contact with the posterior 
surface and the metallic substance with which it is 
coated. This second image is much stronger than the 
other, and is the only one in ordinary cases that at- 
tracts attention : but if we present the head of a pin 
to the glass, so as nearly to toucli it, and give to the 
visual ray a certain degree of obliquity, we shall plainly 
perceive the image reflected by the front surfece of 
the glass, and it will have an inclination that will cause 
it to be seen more distinctly than that which is occa- 
sioned by the back surface. ^ 
792. If we employ in this experiment a lighted 
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(iUiOi being repelled in the direction eh, is lost in 
regard to the eye. The part e m, after being reflected 
on contact with the glass and the amalgam^ arrives 
at the poiat n, and if the two surfaces of the mirror 
were perfectly parallel, this part would be wholly 
found in a fit of easy transmission (7^35) ; but as we 
cannot suppose the parallelism to be exact in all the 
corresponding points of the two surfaces of the mirror, 
it will suffice for our experiment, that there shall be, 
in the small space situated round tf, and on which the 
stream of rays, m u, falls, some points that give a unit 
of interval, greater or less, that one portion of the same 
rays may be reflected anew according to wy, while the. 
other portion, after being refracted in the air, shall 
■proceed in tlue direction u o, and shall enable the eye 
to see an image of the radiant point, situated in the 
direction «• A second beam, rx, subdivides itself 
in the same manner, at the point x, into two parts, of 
which one, xz, penetrates the glass, and the other, 
xo, which is reflected at the interior surfiice, proceeds 
to meet the eye, and causes it to see a second imag« 
of the radiant point situated in the direction ox, and 
which is fainter tlian the first when the rays which 
convey the impression of it to the eye form with the 
surface of the mirror an angle rather large, because 
in this case the number of such as undergo refraction 
is much greater than the number of those which 
escape it. The two images which we observe when 
we place a pin near the glass, are analogous to those 
we have been speaking of; but a third pencil follows 
the course ragltrio, in such manner that every time 
it meets the anterior surface of the glass, it is sub- 
divided, like the preceding ones, into two parts, one 
of which is refracted and the other reflected ; and its 
position is such here, that after having experienced 
two reflections at g and t, on contact with the glasa 
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and the quicksilver, it reaches tlie eye, and occasions 
it to see a third image, situated in the direction on, 
and less perceptible than the other two. 

By considering the figure attentively, we shall form 
an idea of the partial refractions and reflectiooa which 
take place at the ditfereiit points of the immersion of 
the rays proceeding from the radiant point. We shall 
conceive that there must be other pencils, which, 
after having experienced in the interior of the glass, 
three reflections, four refractions, &c. will paint on 
the bottom of the eye new images of the radiant 
point, such as will regularly become fainter, in pro- 
portion as the reflections and refractions that fail to 
concur in the efiect shall successively take from the 
different pencils a greater portion of the rays that 
originally composed them. Isow since accordingly 
as the rays shall have more windings to make be- 
tween the two surfaces of the glass, their incidence 
must necessarily take place at the points e, a, &c. al- 
ways situated more behind, with respect to the eye, 
and their emergence be at the points u, «, situated 
more in front, their inclination on the glass will di- 
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aecount at the same time of the augmentatioa of the 
distance. 
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794. The concave mirror, which is now to occupj 
our attention, produces very singular ciicctSy some of 
which appear Hke the tricks oF a juggler. In a cer- 
tain point of view, the image appears direct and situ- 
ated behind the mirror, but very much amplified, and 
at the same time more remote from it, than the object 
is in front. Remove this object by degrees farther 
from the mirror, and the image first disappears, or 
presents only a contused asscmhlage of light and co- 
lours ; but all at once, at a grcratcr distance, the image 
resuming its form, becomes rever^icd, and, as if it pro- 
ceeded from the mirror, advances towards the specta- 
tor; then, according to the motions which the object 
makes, tiie image touches it or stations itself by its 
side, so that we might supi)ose the object itself to 
have doubled its existence. 

795. To explain these difTcrcnt effects, let us con- 
ceive b n m (fig. 122) to represent a portion of the cir- 
cumference of one of the great circles of a concave 
spherical mirror, and that U is a radiant point situ- 
ated in the plane of that circle: all the incident rays, 
Rrf, RA, R/, Sec. which must be supposed infinitely 
near to one another, will be reflected on the side of 
the axis R n, in such a manncp that the reflected rays 
will intersect each other; for instance, cfrandA^at 
the point r, ht and /if at the point t, and fg and 
og at the point g, situated on the axis. Now, in pro- 
portion as the incident rays are nearer to the axis, the 
angles of incidence of the neighl>ouring rays diflfer 
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less from one another, because the small iwcs, which 
arc near the axis, such as n b, of, vary but little in 
their inclination in regard to the axis ; whence it fol- 
lows, that the incident rays which answer to these 
small arcs form with them angles that are nearly 
equal, while at a certain distance, such as d, the in- 
chnations of the small arcs experience very percep- 
tible variations, becatise as the curve rises rapidly in 
this part, the angles of incidence must themselves 
vary considerably. Hence also the rays reflected by 
the arcs near, the axis will form between them, angles 
that will vary very, slowly, and of consequence there 
will be always a certain number of those rays that will 
intersect one another in a very small space situated 
towards g, on the axis of the curve. This space, 
which we consider as a point, is what is called the 
focus of the rays that flow from R. We here see 
a new application of the principle, that quantities 
which approach their limit vary by very slight difier- 
ences (675), so that there is always a certain space 
where we may suppose them nearly constant, and 
where their actions in a manner condense. The limit 
in the present case is the incidence which takes place 
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%n the side of the arc h and of consequence all 
diese rays will intersect in points less distant from tha 
idi^cRnference bnm. 

798. Let us suppose the radiant point to be at an 
infinite distance from n: in this case^ the focus g wiH 
be exactly in the middle of tlie ray c n. This is what 
is called the focus of parallel rays, because at an in- 
finite distance the incident rays that bordered on the 
axis become apparently parallel. 

On the contrary, in proportion as the radiant point 
•kali approach the centre, the caustics will recede 
from the circumference bum; and when the radiant 
point shfitt arrive at the centre, all the incident rays 
"being then reflected on themselves, the caustics wiH 
be Traced to a singte point that will be confounded 
with the centre c. 

if the radiant point descend afterwards below the 
centre, the caustics will rise above it, in such manner 
that they will form angles with the axis continually 
smaller, at the places where they mutually intersect ; 
and when the radiant point has arrived at the middle 
of the radius c w, the reflected rays nearest the axis 
becoming parallel (636), the caustics will separate 
from one another and extend to infinity at tlieir su* 
perior parts. 

The radiant point continuing to descend, the re 
ftected rays will be found in two different circum- 
•tanees ; for, on the one hand, the angles of incidence 
•f the rays ro, riy &c. (fig. 123) being constituted 
upon arcs slightly inclined to the axis, the analogous 
reflected rays o ^, i f , instead of intersecting, will di- 
verge from one another*; whence it follows, that 
if we prolong them below the arc ft n »i, they will be 

• The incident mys are rery nearly in the same cue, with re^ct to th» 
arc n t, as if they fell on a plane mirror. 



their prolongation^^ that will intersect by forming ^ 
new €kUiiiic: at &.c. On the other haiidp the 

sogles of incidence of the rajs in the diieclions rk, 
rx, icc« taking place on arcs that rise raptdlj, tb€ cor- 
responding reflected rays will be tiirown towards anc 
another^ and will inieriect so as to form the catBtic 
ft«v^, more or less distant from that which answers to 
it on the other side of the axisj whereas the caustici 
produced below the arc b nm^ will have a point of in- 
tersection ulp {g). 

799- The caustic i**mp will descend towards the arc 
bttm in proportion as the point r shall itself approach 
that arc ; for then the angles of incidence of the rajs 
rJt, rr, &c. alwajs becoming smaller, the reflected 
rajs X will themselves form with the arc Jtm^ 
angles that will go on dlminlghing^ and thej will coo- 
sequentlj incline more and more towards the bsse, 
and I heir inter see tioni* be nearer the arc bnm^ What 
we have said here of this arc equally applies to everj 
other that forms a part of the concave surface of the 
mirror. Let os now examine the con^equeucres that 
result from these various proposifcious relatively to 
vision aided by convex mirrors. 

800. Let us suppose, firsts that the object be the 
radiant point R (tig* situated above the centre. 

In all tljfe post lions in which the eye can see the 
image, it will refer it to some point of one of the 
caujitics u g and gs: for example, if it be situated in 
iuch manner that the reflected rays, httfh (fig« 

(g) It wai not comsiitctit with llie nature of our iititkor*s plaa^ to enter 
iuto tii« doctridp of euuidc: curves : but ss some of the readers of thu work 
wisH to know t^ie best methods of aieeriiiiiiiing ibeie curves, whetltcr 
leiukin^ fro 11 irflt cliou or refmclion at different surfaces, tliej may be re- 
fen-ed for uiiiple itiforLiidtion to mnoiis of the earlier trendses tm fiuxiotu* 
particul irlj to Hu^t^$ FlationSt Hodgwon's Fimhrti, uidSttmt't tr«iii*tion 
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mfter having crossed at t, have the small degree of 
coBvergeace that is suitable to the position of the eye 
at Of the eye will see the image at t, that is^ between 
the mirror and the centre c* 

If the point R (fig. 122) be placed in this centre> 
then the image will be confounded with the object 
and as it were absorbed by it, so that wherever the 
eye be situated it will not be able to perceive the 
image. For a similar reason, if the eye itself occupy 
the centre, the image from one point, wherever situ- 
ated, will be invisible to that organ, and it will be able 
to perceive only its own image, which will be very 
confused and will cover the whole surface of the' 
mirror* 

In every ■ position of the point R, between the 
centre and the focus of the parallel rays, the image 
will always appear ibefore the mirror ; but it will be 
above the centre, since the caustics then are them- 
selves higher than that centre. 

The image will be very confused when the point R 
shall be exactly in the focus of the parallel rays, be- 
cause these rays will mingle with those which, more 
remote from the axis, will converge towards the eye, 
and will thus have respective positions the reverse of 
those which are requisite to distinct vision. 

801. Lastly, let us conceive the point r (fig. 123) to 
descend below the focus of the parallel rays : then, 
according tp the different positions of the eye, the 
image wjill appear either before or behind the mirror, 
or richer the eye will see it at the same time on both 
sides of the surface of the mirror ; for if this organ 
can receive only the reflected rays, such as o^, ie, 
which diverge from one another, on issuiog from the 
mirror, th^ image will only be. seen behind, at the 
pomt where these rays prolonged meet ; and be- 
cause the rayso^, tff, diverge less than the incident 

• VOL. IX. X 
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rays r rt, from which they proceed, it is clear that 
op will b€ greater than or, and iz than ri; from 
^bich it follows, that the image will ^ippear at a 
greater distaoce behind the mirror than the real di- 
Stance of the object before iL 

If, on the contrary, the eye be able to receive only 
the convergent rays, such as / h w, prolonged beyond 
the point where* they met at <y, so that the diameter 
of the pupil occupies the distance the image will 
appear in that same point 

Finally, if the eye be placed towards the point f, in 
such manner that the pupil may admit at the same 
time ihc rays which belong to the two caustics ^ f 
and pZf it will see one image of the luminous point 
before the mirror and another behind it ; and as eacli 
caustic has its corresponding one on the other side 
of the axis, it may happen that the spectator will, with 
both ey€3, see the image quadrupled. i 

802. Instead of a simple radiant point, let us sup- 
poie an object of *om€ extent, and consider the raj^ 
only that proceed from its extremities- All we have 
daid of the point r wilt apply to each of these ex- 
tremities, as well as to every intermediate point. 

When the image is seen behind the mirror it will 
appear amplified and always direct ; for tlien the con- 
cave mirror does not differ from the plane mirror, ex- 
cept in this, that it renders the two sides of the visual 
angle subtended by the magnitude of the image more 
convergent towards the eye, which does not at all alter 
the position of the image, but increases merely its ex- 
tent. In the same case, the image will appear more 
remote from the mirror behind, than the object will 
be before it, for we may then reason with respect ta 
every point of the object, as we have done (800) with 
fegard to a single radiant point. In fine, we may con- 
ceive that the image must undergo an alteration of 
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toftsOf since its difierent points cannot have the same 
icspective positions as the corresponding points of the 
olgect, as is the case when we use a plane mirror. 

803. There is a singular circumstance attending the 
phenomena we have been cdnsidering, which is, that 
in proportion as the object approaches the mirror, the 
apparent distance of the image behind the mirror is 
increased, and the size of the image increased at the 
same time ; so that the same thing happens to this 
image, as to an object whose dimensions should ang- 
ment while it removed farther from us: and thus^ 
while in ordinary vision we always judge an object to 
be of the same size when it removes to a distance 
firom tts, because by estimating the additional distance 
we rectify the mistake which the diminution of the 
image at the bottom of the eye would otherwise oc- 
casioti in the opinion we form of its real magnitude ; 
here^ oa the contrary, where the distance and magni-> 
tude of the image increase at the same time, the 
a^jtidged magnitude must also increase in a consider-^ 
aUe degree, since, on the supposition even that the 
apparent distance remained the same, an augnient<i^ 
tion of the dimensions of the image would suihce to 
tnake ns conclude it to be greater in fact. 

•04. When the object is above the focus of pa* 
rdel rays, in which case the image is seen before the 
mirror, that image is always reversed. To understand 
tile reason of this we have only to recoUect, that at 
the same time that the radiant point R (fig. 122) de- 
scends towards the mirror, as far as the focus of the 
parallel rays, the caustics, on the contrary, recede 
firom the mirror. Now we may consider two radiant 
points situated one above the other as the anterior 
and posterior extremities of one and the same object* 
Th«i the caustic which .will product the image of the 
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anterior extremity, or of that which is nearest tire 
mirror^ will be at a greater distance from this mirror 
than the caustic appertaining to the posterior ex- 
tremity ; from which it follows, that the whole image 
will be itself situated in a contrary sense to the object. 

But to comprehend still more distinctly the cause of 
this inversion, let us suppose that, R being a radiant 
point, there is an eye situated at 0, in such manner 
that R;: is the axis of the pencil of incident rays, and 
xo the axis of the pencil of reflected rays, by means 
of which the eye sees the image r of the point R on 
the caustic ag. Let ni conceive that the axis Rn 
moves to the right, by turning on the centre Cj to take 
the position J\fn*; the caustic will follow this motion 
without changing its situation relatively to the axif^ 
and the eye will see the image of the point K' ou 
some part, r', of the caustic fi' ^ ; that is to say, at the 
place where it will be touched by the axis, x' 0^ of the 
pencil of reflected rays, proceeding from the incidence 
according to W z*; whence we may easily judge, that , 
the image of the radiant point has moved in a con- 
trary way to the point itself. Hence if we suppose 
R, R', to he tlie two extremities of m arrow^ the po- 
sition of the image, f r*, of that arrow will be reversed i 
and we may corkceive at the same time, that this is 
owing to the circumstance of the axes R R' z\ of the 
pencils of incident rays having crossed one another at 
a point, JT, before they met the mirror^ which does not 
take place when the image i^ seen without heing re* 
versed* 

In the same case the image is smaller than the 
object, because the incident rays xiff, xsf, being di- 
vergent towards the mirror, cannot, by passing to 
the contrary state in consequence of reflection, take 
a degree of convergence equal to this divergence; 
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m that the angle ror^j under which the eje sees the 
image, is smaller than that under which it would see 
the object at tbe same distance. 

805. Let us now suppose the object placed below 
the focus of the parallel rays, and the eye in one of 
die positions in which it sees the image before the 
mirror: in this case the image will be direct; for- we 
have Been that the motion of the caustics took place 
then in the same way as that of the radiant point 
(799)» while that point approached the mirror.- It 
hence results, that both the anterior and posterior 
jMorts of the image will have the same position, in 
regard to the' mirror, as the corresponding parts of 
the dbject, and accordingly the whole image will be 
turned to the same side as the object. 

In this same case, the image will be larger than the 
object; because the axes of the pencils of incident 
rays that flow from the extremities of the object, not 
intersecting before their arrival at the mirror, are 
thereby rendered much more susceptible of converg- 
ing after reflection ; and the magnitude of the adgle 
mider which the image is seen is from the same cir« 
cumstance considerably enlarged. 

This image appears at the side of the mirror, as we 
may judge from the position of the caustic i^w^ (fig. 
123), and others that concur in the formation of the 
image. On the contrary, we can always place ours 
in such manner as to perceive, in the space answering 
to the middle of the mirror, the images of objects situ- 
ated abov^ the focus of the parallel rays ; and they are 
these images that produce the most surprising illusions 
of all. We c«in so dispose the mirror and the object, 
which shall be a nosegay, for example, that hoth 
heing screened by some other body, a person entering 
the room shall perceive only the second nosegay pro-* 
dnced by reflected light, and shall be greatly asto- 
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nhhcd at ita disappearance, when, by approaching to^ 
wards it, he removes from the situatioa in which it 
was visible to him. 

S06. Concave mirrors are employed in the con- 
struction of several kinda of telcscupes, of which we 
shall in the sequel give some account. TUo^e me- 
tallic ones are preferred, which present but a single 
image of ihe object; and they are commonly formed 
of ingredients the choice and proportion of which are 
such, that the surface of the metallic mixture is white^ 
and thereby disposed to reflect the more light. But 
these mirrors are apt to tarnish, and are much inferior 
to those made of platina, from the double advantage 
which thii metal bas^ of resisting all the causes of 
aUeration, and possessing a density that greatly in- 
creases its power of retiection. 

That metallic mirrors may answer the end of thfe 
obaerver, their form> which is part of a sphere, must 
be executed with the nicest precision, and their polish 
be very complete, or they will render the images con- 
fused by absorbing a considerable portion of the rays. 
The dirticulty of effecting these two objects led New- 
ton to imagiue that mirrors made of glass, and quick- 
silvered, would, when carettiUy done, merit the pre- 
ference * ; but the event did not answer the expecta* 
tion of this great geometrician; and at present 
scarcely any but metallic mirrors are used for tele* 
scopes and other iaatruments in which the effects of 
reflection are combined with those of refraction, 

8U7. When the rays of the sun, which come to ut 
in directions very nearly parallel, fall on the surface 
of a concave mirror^ in such a manner that the ray 
whith flows from the centre of that luminary is con- 
founded with the axis of the mirror, reflection makes 
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them coincide nearly in the focus of the parallel rays; 
and their concentrated force will excite in the bodies 
that are exposed to it there a heat sufficiently strong 
to set theuA on fire, or melt, or vitrify them, according 
to their nature : from which circumstance this kind of 
mirror has received the name of the burning mirror. 

808. A body on fire, situated in presence of a con« 
cave mirror, also sends to the surface of that mirror 
rays which, after reflection, unite in a common focus ; 
buty besides that they have in themselves much less 
energy than the solar rays, it resulu from their sen- 
sible divergence, that those which fall near the axis 
are much less condensed in a given space, which takes 
ih>m the focus a considerable portion of its activity. 
We may cause their incidence to take place in parallel 
directions, by employing two mirrors, the diameter of 
which shall be about 40 centimetres (13 inches), and 
the curvature such, that the distance between the 
focus and the reflecting surface shall be as nearly as 
possible 40 centimetres. We raise these mirrors ver« 
ticaily in such manner that their concavities turn 
towards each other, and then withdraw them to a 
distance from one another of 10 metres (30 feet) or 
more. We then place at the focus of one a burning 
coal, the heat of which is kept up by blowing it regu«> 
larly towards the side nearest the mirror. The rays 
which fall on the mirror becoming parallel after their 
reflection^ will meet in these very same directions the 
surface of the other mirror, where a second reflection 
Irill make them concur in the focus of the parallel 
niys; and they will thus become suSiciently active to 
kindle tinder or a piece of amadou, or set fire to gun 
powder which may be presented to that focus. 

809. Father Kircher was the first who thought of 
substituting for a concave mirror several plane xnir* 
rors ; so disposed, that the sun's rays reflected at their 
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surfaces might converge towards the same point. Hi 
employed five only of these mirrors, which he so ar- 
ranged that the concurrence of the rays should take 
plaoe at a distance of more than 32' 5 metres (100 
feet), and he found the heat there to be scarcely sup- 
portable. " Now," adds this philosopher, if five 
mirrors produce so considerable an effect, what would 
a hundred or a thousand do, arranged in the same 
manner ? They would excite so violent a heat, that 
it would set fire to every thing, and reduce all to 
ashes 

Several philosophers have since undertaken experi- 
ments directed to that end ; but the kind of polygonal 
mirror, erected in the Botanic Garden at Paris, in 
1747, from a suggestion of the celebrated Buffon, ex- 
ceeds every thing that had been attempted prior to 
that period, both as to effect and ingenuity of con- 
trivance +. This mirror was composed of l68 plates 
of tinned or silvered glass, capable of moving in every 
direction and of being fixed at different degrees of in- 
clination, so that there could be given to the whole a 
form more or less concave and the focus be thrown to 
different distances. This mirror set fire to wood at 
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ficiendy extensive for their foci to reach to the di* 
stance where the Roman fleet must have been at 
anchor. But the fact is not impossible. If we' suppose 
him to have employed the combined action of a mul- 
titude of plane mirrors; and we have proof:) more 
than sufficient to convince us, that this great geome^ 
trician was capable of forming the idea. 

Convex Mirrors. 

' Bll. The effects of the convex mirror are much \csig 
▼arious than those of the concave mirror, and consist 
simply in representing the image to us behind the 
mirror, smaller than the object and nearer the reflect- 
ing surface. This is the inverse of what takes' place 
inrhen the image is seen behind the concave mirror; 
but in the same case, the two mirrors represent the 
image alike in a direct position. 

Let 6 AM (fig. 12()) be a part of the circumference 
of one of the great circles of the convex mirror, and 
R a radiant point placed in the plane of that circle. 
If we suppose that the reflected rays which appertain 
to the incident rays R ii, R o, R f, &c. be prolonged 
behind the surface of the mirror, till each shall be cut 
by the following one, the intersections g, r, p, &c. of 
. those rays will produce a caustic, gs, situated on the 
same side of the axis, and there will be formed a 
second, perfectly similar, on the opposite side, so that 
the two caustics will intersect in a point, g, situated 
on the axis. 

In proportion as the radiant point shall remove from 
or approach the arc bnmy the caustics themselves will 
remove from or approach it by contrary motions ; and 
if the radiant point be supposed at an infinite distance, 
)he point, .g;^ where the caustics intersect will be in th« 
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middle of the radial cn; from which it follows, that 
it b iti the same place where the focu^ of the parallel 
rays h situaied, 

812. If the eye of the obser^^er be in the plane of 
the arc bnmj the eye will s^ee the image of the radiant 
point in same one or other of the caustics: for ex- 
ample, if the ^iltuation of the eye be such, that the 
rays R A, after being reflected in the direction of 
the lines f i^ A arrive at the eye, the image wiil be 
seen at the point, where those same tines prolonged 
liehind the mirror meet* 

S13. The image will always appear nearer to the 
mirror than the object is ; becatisc, tVom the property 
fvhich the convex mirror haaof occasioning in general 
ft tendency in tlic ray:^ to diverge (638), it is evident 
that the reflected rays will diverge more from one an- 
other than the incident rays, which will bring the 
imaginary point of concourse near the surface of the 
mirror. We may derive the same inlerence from this 
also, that the point g where the caustics intersect, and 
which gives the image of the radiant point, when the 
eye is placed on tlie axis c does not go beyond the 
middle of the ray n while the radiant point removei 
even to an infinite distance from the mirror. 

814. !f we substitute for a simple point an object 
€>f a certain extent, its image will be seen in like 
manner behind the mirror, at a distance less than that 
of the object before it: at the same time it will ap- 
pear direct; for, supposing the axis c R, fixed by one 
of its extremities, should move, for example, from left 
to right, carrying with it the radiant point R; it is 
tvident that the motion of the caustic will take 
place in the same way: then if we suppose an object 
whose two extremities answer, one to the radiant 
point as is seen in the figure, and the other to tht 
place to which the same point has been transferrei 



Convex Mirrors. 



315 



by the motion of the axis, the image of this object 
will be iituated behind the mirror, in a position similar 
to that which the object itself occupies before it ; and 
thns the miirror will, in this respect, not differ irom 
the plane mirror^ which represents objects in their 
true situation. 

815. Lastly, the image compared with the object 
will appear contracted in all its dimensions ; for the 
effect of reflection on convex surfaces being to di- 
minish the convergence of the rays, it follows, that 
the sides of the visual angle under which the eye per- 
ceives the image, converge less than those of the 
angle under which it would see the object at the same 
distancej-mnd thus the opening of the angle and at the 
same time the apparent magnitude of the object must 
be diminished* / 

l^ere another observation occurs that is in a manner 
the reverse of the one we have made in speaking of 
concave mirrors (803). The apparent distance and 
magnitqde having diminished together, the estimated 
magnitude must be likewise smaller. 

81& There are mirrors also that are made of a cy- 
Undrical or conical form, the effects of which afford « 
delicious treat to curiosity. Their base h placed in 
the middle of a drawing! that exhibits only irregular 
traits, a sort of enigmas to the eye, the clue to which 
is in the mirror, where we perceive the regular figure 
of some familiar object. Geometry furnishes rules 
for combining the traits of the drawing with the cur- 
vature of the mirror, so that the effect proposed shall 
result from it; As this mirror represents objects 
totally different from what they are. We take advan^ 
, tage of its very infidelity and give it purposely a de^^ 
"Ifectrve ima|;e to rectify. 
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Effects of refracted Lights in regard to Vision. 

817« The progress of dioptrics or the science of re- 
fracted TzySf which is now to engage our attention, 
has been much slower than that of catoptrics, which 
relates to reflected rays. The fundamental law of the 
latter, which consists in the equality of the an^es of 
incidence and reflection, must, from its simpUcity, 
have occurred more readily to the mind ; and there is 
great reason to presume that Euclid, who has applied 
it to the effects of mirrors in his Treat 'ut im Opiia, 
had merely availed himself of what was long before 
known and established ia the Platonic school, whose 
doctrines he followed. The law by which refiaction 
of light is governed was not known till abcmt the 
close of the thirteenth century, when a Florentine, of 
the name of Salvino Degi'Jlrmatif invented reading- 
glasses ; an admirable discovery by means of which 
the eye, . more apt than the other organs to feel the 
eflect of age, found all at once a return of years that 
were apparently lost for ever. The first sketch of the 
telescope is attributed to the children of a spectacle- 



S>ftct$ of refracted Light on Vmon. 317 



To derife however from the telescope all the ad- 
vantages which it seemed to promise, the law of re- 
fnctioa mutt be known. Kepler sought it in vain ; 
but he found, by observation, a kind of rule that was 
at least very near it, and which taught liim that a cqu* 
vex ocular might be substituted for the concave one, 
which had hitherto been used. Scheiner and llhata 
improved upon this, and the latter succeeded in com* 
bining lenticular glasses, which had several other ad- 

Kamu bj mnuM of wTiich distant objects appeared as if tbej were near» 
than he retained from Venice where he heard the report, to Padua where 
be was mathematical profes»or, and instantly applied himself to iovestigate, 
by the aid of his theory of refraclioiu, what must l)e the nature of the con- 
struction; and the night follow in); Im discovered it. He furaished tlie ez- 
tremities of a tube with two glasu's, one convex, the other concave, and 
diiectiog the tube towards diU'erent objects he found tliey were eplarged 
three times in diameter : only 'Ax da\ s at^er he took some of the principal 
senators of Venioe to an emiuencc, from whence he shewed them several 
distant objects, as though brouglit nearer, to their great astonishment. 
Galileo's first laccesi enonurajicl him : he aoon aAer ma<le another tele- 
soopey which aagmented about eight times ; and afterwards, sparing neither 
time nor expense, he constructed one which magnified objects about thirty 
tines in diameter. By iucan.s of this iustrumcnt it was that he discovered 
satellites of Jupiter, the spots of the sun, &cc. Having advanced the in> 
•tnmMfit to this state, he presented one to the Doge, Leonardo Donati, and 
others at the same' time to all the senate of Venice, accompanied by a 
writleo paper, in which he explained the structure and wonderful uses that 
aught be made of the telescope both on land and at sea. In return (or so 
noble aa entertainmeut, the republic, almost immediately, more than tripled 
his salv/as professor. These particulars are collected jointly from the second 
voltttoe of 3f outuclS's excellent HUtonj of Mathematict, and from the Life 
9f OmHleo prefixed to the 4to edition of his works, printed at Venice in 
1744. • yfe record them here, not only with a view to do justice to Galileo, 
bat to the discernment and munificence of the government by which he 
was. patronised ] and know not which most to admire, the eealous and sue* 
cessful application of the philosopher, together with so prompt a publica- 
tion of the result of his enquiries ; or the penetration and liberality of the 
senators, who, at a time wht^u all mental exertions were either repressed 
by the frowns oY bigotry, or tetttretl by thcprcvalenoe • of the Arbtotelian 
dogmas, had judgment, enough to appreciate the value of thdr professor, 
sad spirit enough to reward it.— Tn. ^ 
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vantage* besides that of representing the objects right, 
which with a single cye-gla^s wert^ seen reversed. 

At last Sneliiiis, a Dutch geomelricianj fleterinined 
the fundamental law of dioptrtcs, which, according to 
ilia ideas of the subject^ consists in thL% that the co- 
secants of the angles of incidence and refraction are 
in constant proportion to each other. Descartes sub- 
f titutcd for this proportion the sines of which it is the 
inverse, and which gives the same law in a more 
simple form. Furnished with this result, he exerted 
his scientific powers to iavestigate what curves were 
best adapted to concentrate in a single point the rays 
become divergent by refraction ; but the difficulty of 
making glasses of a form answering exactly to those 
curves, made him resume the spherical figure ; so that 
from his labours in dioptrics, science was a greater 
gainer than art, Barrow, for whom the glory was re- 
served of being master to Newton, if Newton had 
ever stood in need of a master, has published a valu- 
able work on the same subject, in which he elucidates 
many points that had been before but imperfectly 
treated The practical part, too much neglected 
till (hen, made considerable progress in the hands of 
Huyghens, to whom we are indebted for a great share 
of the perfection to which the art of shaping glasses 
is brought. 

Newton, who had so happily explained the law of 
refraction, by the attraction of the relringent mediunij 
has also investigated the principles of dioptrics in t 
separate work f, and contrived a kind of telescope 
that bears his name, in which the effects of convex 
glasses are combined with those of the concave mir- 
ror* But he proposed this merely because he thought 

• Lectiones Optica e! Gcometricae. Londi&V 1^4, 
f Oj^ufte. f iiip Lfrcti^&fs Optica, 
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ft imponible to remove a striking defect of the or- 
dinary telescopes and glosses, which is that of decom- 
landing light as the prism does, and producing those 
friages of false colours with which the objects appear 
to be bordered, when seen through such instruments. 
Newton was led to this inference by another, which 
he was too eager to derive from an experiment we 
shall presently speak of, that was simple and easy, but 
the true result of which escaped his attention. For 
nearly half a century no one thought of repeating thia 
experiment, so difficult was it to perceive an error en- 
▼eloped in a crowd of important truths. At length, 
an experiment made by Dollond, a celebrated English 
bpdcian, in circumstances calculated to render it de- 
cisive, and #hich furnished a result the reverse of 
Newton^s, gave rise to achromatic glasses, the history 
xsi which we shall detail when it comes naturally in 
turn in the order of the subjects we have to discuss; 
and this discovery opened a new career to the genius 
of the most illustrious mathematicians, as well as to 
<tl3ie talents of the most skilful artists. 

We shall examine in succession the effects of re- 
fraction in media terminated by plane faces, and in 
those the faces of which. are curvilinear; and, having 
considered the effects of simple glasses, we shall ex- 
plain those of instruments in which are combined 
either curved glasses and mirrors, or glasses only 
without mirrors. 

Simple Refraction in Media terminated by Plane 
Faces. 

818. Let a (fig. pi. XX), be a radiant point 
taken in any medium terminated by the surface e/^ 
and which sends towards that surface rays whose di- 



tight. 

iecticms*^are varied to infinity. Let us suppose ant^ 
represent one of those rays, and n ^ to be the refracted 
ray, which will approach the pc^rpendicular n jr, if the 
medium situated above ef be denser than that which 
is belowy or in the contrary case will recede from the 
perpendicular (fig. 128). 

From the point a let u^ draw a h perpendicular to 
ef^ and take between a and by or on the opposite side 
(fig. 1.27), a point, Zy so situated that z b shall be to a ^ 
as the sine of incidence is to the sine of refraction, re- 
itftively to the medium above ef. It is proved by 
geometry that if we prolong any refracted ray, as tn, 
till it meet the axis, a 6, of the radiation, the point, A;, 
wher^ it will cut that axis, will be always either oi^ 
this side of (fig. 128), or beyond (fig. 127) the point jr, 
40 that this last point will be the limit of all the re^ 
fracted rays flowing from the point a *. 

Let us conceive that the incident ray a n, while its 
extremity a remains fixed, approaches the axis b k by 
its other extremity ». The angle of incidence, 6 an, 
being diminished, the angle of refraction, xnt, will 
be diounished also ; and the point k will have ap- 
proached the point z. We hence conclude th$it when 
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surface e fj are at a small distance from the axis, the 
refracted rays form at a place very near the point 
a kind of imaginary focus; for, from the principle 
that evcr^ quantity when approaching its limit vanes 
by degrees that arc extremely small (673), the rays 
which have their concourse near the point z, must be 
denser than in any other part, or abound more in a 
given space 

819* Let us suppose that the different rays an, aiy 
&G. (fig. 1£9)» £owing from the point a, fall at the 
same time on the surface e/^ at perceptible distances 
from the point 6, and on the same side of the axis. 
Their prolongations below e f will successively cut that 
axis in points which will be farther from the point z ; 
from which it follows, that they will intersect in dif- 
ferent points, Cj m, &c. situated to the left of the 
axis (fig. 1£9X or to the right (fig. 130). 

If we consider the rays an, a t , as the extreme rays 
of all those which, in flowing from the point a, fall on 
the small space i n, situated in the plane abf, their 
imaginary point of concurrence will be at the point d, 
determinable by calculation. But there are other rays 
which flow from the point a, that fall on other planes, 
^nd which disperse from the effect of refraction, in 
such manner that all those which belong to a small 
cone whose base should have a diameter equal to i n, 
have their points of concurrence disseminated in a 
small space near the point d, so that there will then 
be no focus, properly speaking The determination 
of the point that is, as it were, the centre of action of 
all these rays, so that they may be supposed to flow 
from this point as from a radiant point, is a delicate; 



* Bflnow» Lect Opticse & G omet. p. 49, No. It, 1$, 14, &c. 
t s*Gimyi«iiide, yoL II, p. 766» No. t701. \ 
ypL. II. T 



pfobletn which has occupied the close Attention of 
dilTereot philosophers^ and has been resolved by them 
in different ways. Newton places this point nearly at 
the middle of the distance between the point of con- 
course of the extreme rays and the point f of the 

What we have said furnishes an explanation of the 
different phenomena ascribed to refraction in media 
separated by plane surfaces. We shall confine onr- 
velves to the cases where light passes from a rarer to 
a denser medium. ^ 

820. If we place a small object in water, and the 
eye be situated above the object^ it will see the nnage 
at a distance from the surface of the water that will 
be only three-fourths of the real distance ; for the first 
distance is to the second^ from what has been said 
(118), as the sine of incidence is to the sine of pefrae- 
lion, that is to say, as 3 is to 4, when the light passes 
out of water into air- 
In general, the refraction of rays which pass from 

a rare medium into a denser one, of which the sur- 
face situated on the side of the eye is a plane surface, 
makes the image be seen nearer to that surface. For 
if we suppose a radiant point situated at a (fig. 130), 
and that i I represents the diameter of the pupil, the 
imaginary point of concurrence of the refracted rays 
ifif /i, will always be within the triangle n, whence 
it follows, that it will always be nearer the eye than 
the point a. 

821. Place some object at the bottom of an empty 
basin, and let several persons stationed round it with- 
draw to a distance till the edge of the basin conceal 
the object from them : pour water into the basin, and 



* Opoictl]* xvlil, Lectionei Optics^, SchoUiim ad propof. 
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the olgcct will instantly be visible to each of them, 
on the, supposition that his eye has remained in its 
fixed position. ' 

It follows also, that a basin filled with water does 
not appear so deep as when it was empty, because all 
the points of the surface of the bottom approach to- 
wards the eye. 

822. If the object have a certain length, such as 
ab (fig. 131), and be situated parallel to the surface 
of the refringent medium, its length will appear in- 
creased ; for then the visual angle aob, by means of 
which the eye perceived the object with the simple 
sight, will be augmented so as to correspond with the 
angle m o'n, under which the organ sees the image of 
the object a b (0. 

823. A stick that is partly immersed in water, in an 
oblique direction to the surface of that liquid, appears 
broken at the place of its immersion, so that the 
image of the part under water rises above that same 
part. For let e/(fig. 132, pi. XXI) be the surface 
of the water, h a the stick, and o the position of the 
eye. Among the rays which the point a, considered 
as a radiant point, sends towards the surface e j\ there 
will be one, such as a w, which alter its refraction at 

(t) Some rcaden may be apt to conclude from the above, that while the 
ofeject a 6» when posited parallel to the upper surface of the water, appears 
augmented in length, it will still seem rectilinear ; but the fact is that, in 
asch CM, the apparent shape is curvilinear. Indeed the curve under 
whicb the oi)iect woold then appear, bears a considerable analogy to the 
soperifM- conchoid of Kicumedes, holding the saiue relation to an ellipse as 
that cnrre does to a circle ; the surface of the water would be an asymptote 
to tiie ima^ of the object, and correspond to the directrix of the conchoid* 
Cnnres of this kind have been treated, by Dn Barrow, in the 16th of his 
Iifetioiies Optica ; by lu. Mairan» who calls them Curuet de Reflectoire, 
and traces their analogy to caustics by refraction, in M£m. Acad' Sci. 1740; 
and by Bouguer and others under the title of Anaclastic Cwrvet. See also 
I^tfbauTn*$ MaUtematlail Repotiiory, voL II. pa^ 364. old series. — ^Ts. 
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the point will direct itself towards the eye, and 
cause it to see the image of the point ^ as if posited 
in whence it follows, that the part under water, 
g a, will have for its image the line g and the stick 
will appear broken at the point 

Let m conceive tlie stick while fixed at one of ita 
extremities, a, to riae by the other till it coincides 
with the line a perpendicular to ef] and let us sup- 
pose that the eje be still situated at o; the apparent 
jnagnitude of the part under water will be equal to 
xbf much shorter than the real magnitude a In* 
general, an object plunged vertically into water always 
appears contracted, and the more so as its upper ex- 
tremity approaches nearer the surface of the water; 
90 that the minimum takes place^ for a constant posi- 
tion of the eye, when the upper extremity of the 
object is on a level with the liquid- 

Every thing remaining in the same situation^ if w 
take the object out of the water, and it be of a slender 
form, w^e shall, with a sort of surprise, see it become 
longer and larger, by a rapid devclopement, as it werci 
of all its parts. 

In proportion as the object com^ out of the w^ater^ 
we perceive, by the aid of reflection, the image of its 
exterior part, and that image is at first shorter than 
that of tlie interior part, seen by refraction; but as 
this last diminishes, while the other augments, there 
is a term where they are of the same length. Now 
the image seen by reflection is equal, during every 
iustant, to the part of the object situated out of th 
water, this liquid performing here the office of a plan 
mirror (7S5)i Let us suppose that at the momen 
when the two images have the tame length, we mea- 
sure the part out of the water, and then, instantly 
withdrawing the object from the liquid, measure the 
part that was plunged in the water; we shall al^vays 
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find, by the proportion between the two, the quantity 
which the part under water appeared, from the efiect 
of refraction, to be less than it really was : for ex- 
ample, if the part out of the water be half that of the 
immersed part, we may conclude that the apparent 
length of this last part was also half its real length. 

Double Refraction. 

We owe the knowledge of the phenomenon of 
double refraction (641) to Erasmus Bartholinus, who 
having looked at the image of a line through a trans- 
parent rhomboid of carbonate of lime (calcareous spar), 
observed that the image appeared double. This rhom- 
boid came from Iceland, where many are found that 
are perfectly limpid. Bartholinus was extremely sur- 
prised at what he saw, and his imagination heighten- 
ing the wonder, he affirmed, that this phenomenon, 
buried in the country where bodies destined to pro- 
duce it abounded, proved to naturalists a truth of 
which they were before ignorant, that the cold of 
northern countries, instead of weakening the- rays of* 
light, gave them, on the contrary, additional energy *. 
The truth is, that all climates funiish transparent car- 
bonate of Kme susceptible of doubling the images of 
objects, and that many other substances, which we 
shall hereafter cite, partake of the same property. 

The explanation of this singular effect has exercised 
the sagacity of many distinguished philosophers, at 
the head of whom are Huyghens and Newton; and 
nothing can shew more forcibly the difficulty of the 
subject than the variety of opinions that was adopted 

* Erasmi Bartholini Experimen. Cristalli Islandlci dudiaclastici; H«sniA 
1770; dedic «d Regcra Frider. III. 
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by those philosophers^ each attempting^ without being 
stopped by what had been done by others, to open to 
himself a distinct career ; so that in the midst of this 
conflict of authorities and results upon a subject that 
has been turned about in so many different ways, it 
appears equally diflicult to select from what has been 
advanced already, or to advance any thing new. / We 
shall begin with describing the principal circumstances 
of the phenomenon ; we shall afterwards give an ac- 
count of the most remarkable of those theories which 
have been devised for explaining it, and shall add the 
results to which our own enquiries have led us, and 
which have served as data both to appreciate the 
value of those theories, and to sketch an outline of 
what we conceive should jifFord* a complete solution 
of this so delicate a problem. 

B25. Let us conceive eb (fig. 133) to represent a 
rhon^boid of carbonate of lime, in which a and n are the 
two larger solid angles * or those which are composed 
of three plain obtuse angles equal to one another 
and let us draw the shorter diagonals a e, 6 n, of the 
two faces hade, gbcn, which we shall consider as 
tlio hn i'< of the rhmnhoKl, by s^n[>posini them to be 
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into tiro parts, of which one, tl, will be on the pro- 
longation of the incident ray, as in the ordinary case, 
and the other, tfy will recede fi^om the preceding one, 
by advancing towards the small solid angle b, that is, 
there will take place a double refraction of the ray of 
light. 

827. We shall now call the ray t /, the ordinary ray, 
the ray tf, the ray of aberration, and the distance,//, 
of one from the other, taken on the lower base of the 
rhomboid, the amplitude of aberration. 

828. If the incident ray s t fall obliquely on the sur- 
face of the rhomboid, it will divide itself always into 
two parts, of which one, which will be the ordinary 
ray, will be refracted by approaching the perpendi- 
cular at the point of immersion, by a law analogous 
to that of common refractions, and which is such 
that the sine of refraction is to the sine of incidence 
constantly as 3 to 6 ; the other part, which will be 
tlie ray of aberration, will recede always from the 
preceding, to approach the angle ft, whatever be the 
direction of the incident ray. We shall presently see 
what is th^ law of this second refraction. 

829. If the incident ray be in the plane of the prin- 
cipal section a en by the ordinary' ray and the ray of 
aberration will also be both in the same plane ; a re- 
sult respecting which all the theories agree. 

830. Let us now suppose that a ray of light passes 
trough two rhomboids situated one above the other. 
If the principal sections coincide in the same plan^, 
or are respectively parallel, whether their lateral edges 
ab, en, incline the same way, or a contrary way, as 
in (fig* 135), none either of the ordinary rays or of 
the rays of aberration' that shall come out of the first 
rhomboid will be decompounded in passing into the 
second^ but will be refracted there according to the 
same law as in the first rhomboid. 



328 



Light, 



831. If the two rhomboids be so dispoted that their 
priucipal sections cross at right angles^ then eacli of 
the rays that issue from the first rhomboid will still 
remain siraple on entering the second ; but the futic- 
tioais of those rays will be changed, that is to sajp the 
ray which was the ordinary one in the first rhomboid, 
will direct itself in the second like the ray of aberra- 
tion, and reciprocally. 

But in all the intermediate position?!^ that isj in 
those where the principal sections ahall be iucHned to 
one another J each of the two rays that issued from the 
first rhomboid will divide itself anew in the second, 
into an ordinary ray and a ray of aber ration, and will 
be directed conformably to the incidence of the ray 
of which the two are the subdivisions. These interest- 
ing results are Newton's 

It should be observed, that the rays of aberration 
have this in common with the ordinary rays, that in . 
passing from the rhomboid into the air through a face 
parallel to that at which they entered it, they take a 
direction parallel to tliat of the incident ray< 

From these same results it is easy to explain the 
phenomena observed when we look at an object 
through a rhomboid or through two rhomboids placed 
one upon the other, 

832, Let us consider the first of these cases, and 
suppose, for greater simplicity, that aen b (fig, 136), 
being the principal section of the rhomboid, there i$ 
a visible point, 6, placed at a certain distance belo^r 
the rhomboid J and an eye situated at 5, above the 
Upper base. Among the rays which the point j> sends 
towards the rhomboid, there is one, such as p ^ of 
which the part /f, considered as an ordinary ray, 
*fter lepassing into the air^ arrives at the eye iu a 
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directioiiy tSf parallel to p /• The other part^ which 
is the ray of aberration, takes a directioo such as / 
by throwing itself towards the acute angle e ; and as, 
after its emergence at z according to a line z x, this 
ray becomes again parallel to p ly it is lost to the eye. 
Now, among all the other rays that flow from the 
point there will be a second, of which the direction, 
f Oy will approach so near that of p ly that o r being 
the ordinary ray that proceeds from it, the ray of 
alierration, o Uy crosses the ray / ^ at the point k, and 
after its emergence ^t Uy follows a direction, uSy pa- 
rallel tx> poy and that terminates in the eye. We con- 
ceive that this supposition is always possible, since we 
can t^ke the ray p o under whaterer inclination we 
please with respect to p I. The eye will then see two 
images of the point p : one in the direction s t, which 
will be the ordinary image ; the other in the direction 
suy. and that will be the image of aberration. As to 
the fay or, it is evident, that, because of its paral- 
lelism to po, after its emergence at r, following a line 
such as rut^ it cannot pass to the eye. 

In proportion as the point p shall approach the line 
bn, the point k will descend towards that same line; 
and when the point p shall touch b n, the point k will 
be confounded with it, in such manner that the double 
image will still exist. 

833. It is remarkable that one of the two images, 
videlicet y that which is seen in the direction suy and 
is produced by the ray of aberration, always appears 
more remote than the other from the upper base of 
the rhomboid. This difference in the distance may 
be rendered very perceptible by describing a circle on 
a sheet of paper, and observing, through the rhom- 
boid^ the two images of that circle which will cross 
- each other, at the same time that one will be seen m 
ft lower position than the other. 
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8S4. In the experiment represented by figure 136, 
the image of aberrationi seen in the direction su, ap^ 
pears nearer to the obtuse angle n, than the ordinary 
image, the place of which is in the direction st; which 
is the inverse effect of that which the ordinary rays 
and rays of aberration proceeding from one and the 
same incident ray present. This inversion is a conse- 
quence of the intersection of the rays on and at 
the point k. 

This same course of the rays by intersected direc- 
tions serves to explain an interesting experiment for 
which we are indebted to the celebrated Monge. 
Take hold of the rhomboid with the forefinger on the 
xidge ab (fig. 133), and the thumb on the ridge en, 
and place its ifpper base, adeh, as near as possible to 
the eye, s6 that one of the two images of the point p 
may be situated, with respect to yourself, behind the 
other. Then slide gently under the rhomboid a piece 
of paper which, while thus applied to the lower base, 
shall move from b towards n, till it conceals one of 
the two images. You will remark with surprise, that 
this image of which the paper first conceals the sight, 
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one of their bases, put them on a piece of paper 
marked with a spot of ink. If the homologous faces 
of the two rhomboids are parallel, the eye will see but 
two images of one and the same point, as if there 
were merely a single rhomboid; only they will be 
more .remote from each other. Things remaining in 
the same state, gently turn the upper rhomboid round 
upon the lower one, and you will presently see two 
new images, which will at first be faint in their ap- 
pe$irance, but will afterwards gradually increase in in- 
tensity, while the first two images will become more 
and more feeble, and will at last disappear before the 
rhomboid that is in motion shall have completed a 
.quarter of its revolution : beyond this term, still con- 
tinuing to turn it, the same effects will take place in 
the inverse order ; that is, the first two images will 
appear again, and their tint, faint at first, will be gra- 
dually reinforced, while the other two will diminish 
in intensity, till, towards the completion of half a re- 
solution of the moveable rhomboid, they will become 
extinct The principal sections being then turned 
in contrary directions, but on one and the same plane, 
as figure 135 represents, the eye will no longer see 
more than two images ; but they will be much nearer 
than in the first case, and if the two rhomboids were 
exactly of the same height, only one image would be 
seen. Complete the revolution of the upper rhom- 
boid, and the preceding effects will appear again, ob- 
serving a retrograde course. 

We have thus far considered the results merely of 
such observations as obviously present themselves to 
any eye not deficient in attention. Let us now ex- 

» These different facti are all sdibject to exceptions when the Tisual raj 
u extremely oblique and takes certain positions ; for we then see bat t« o 
images where we ought to see four, and vice vena. 
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antoe tfae different opinions of philosopben, eacb of 
which hat iu partisans^ respecting die precise detcr- 
■lination of the law by which the phenomenon is go- 
verned, and the physical effect upon which it depends. 

856. Hnyghensy who made the propagation of l^;hc 
consist in general of a kind of undulations of a cir- 
cular or spherical form, referred the law of ordinary 
lefraction to the same source ; and to account for the 
double refraction that took place in carbonate of lime, 
he supposed that light, in penetrating a rhomboid of 
that substance, produced in it undulations of two 
forms, one spherical, as in other bodies, the other 
spheroidal, confined entirely to the present case ; and 
it was to the last of these undulations that he attri- 
buted the refraction of the ray of aberration He 
manages this hypothesis with so great subtlety, that 
the estimates he derives from it, relatively to the an- 
gles of incidence and refraction of the ray of abla- 
tion, appear to us in general to approach the truth. He 
even obtained a very remarkable result, which we 
shall presently state, that is equally adapted to a 
theory founded on the emission of light in a direct 
line (A). 
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fringent media exerted on the molecule of this ffuidt 
attributed likewise the refraction of aberration to an 
attractive force^ which however was peculiar to the 
same substance of carbonate of lime^ and had its 
centre of action situated towards the small solid angle 
of the rhomboid ; and the following is the determin- 
ation to which this illustrious geometrician was led, 
relatively to the law of the phenomenon. 

337. Let us suppose «^ (fig. 134) to be still an in- 
cident raj perpendicular to the base of the rhomboid, 
and situated in the plane of the principal section 
aenb. The ordinary refracted ray being situated 
on the prolongation of st^ the ray of aberration, which, 
will necessarily throw itself towards the small solid 
angle bj will be situated like t f which makes with 
//an angle of 6^ 4(y. Now the amplitude of aber^ 
ration, fl^ which would result from this incidence, 
equally took place, according to Newton, with respect 
to all the inclinations of the ray i whether it re* 
mained in the plane of the principal section or de- 
parted from it; whence it should follow, that. the am* 
plitude of aberration is constant, not only as to its 
length, but also as to its direction, which is always 
parallel to the shorter diagonal, b n, of the base of the 
rhamboid *. 

■838. Other philosophers have conceived that they 
conid bring the refraction of the ray of aberration 
nnder the ordinary laws ; and the principles an which 
their hypothesis is founded are these : Among all the 
incident rnys which can meet the upper base of the 
rhomboid obliquely, there is one, such as s'f, so situ- 
ated, that the ray of aberration, Vf'y which proceeds 
from it, is on its prolongation, that is to say, the re- 
fraction of aberration then becomes evanescent, so 



* Optice Lacb, lib. iii* quvit. 25* 



teconcile witfi this hypothesis the results of oWnra- 
made with two rhomboid^;^ in which the rajt 
etimes merely change their functions, and some- 
\ are subdivided aaew, in p&s^ing from one rhoiD' 
bold into the other 

We are much more disposed to range ourselrei i 
here again on the side of Newton > when we conddcf ' 
the extreme simplicity of the law admitted by this 
celebrated geometrician for the refraction of the ray , 
of aberration. This law besides is allied to another j 
physical cause we shall presently state, and whjckJ 
gives a very happy explanation of the phenomenon j 
that arrested Huyghens in hia progresis. But there is 
an important correction to make in this law, from the 
observations we are about to state; which have, how- 
ever, this advantage attending them, that any persQn 
imiy easily repeat them. 

8412, If we place a rhomboid of carbonate of lime ] 
on a paper marked with two points, and cause the ] 
distances of tliose points to vary^ in regard to a fixed 
position of the eye, we shall find there is a term, \ 
wliere, instead of four images, we shall see but three j 
in this case, tw^o of the first images unite together and 
form one of a deeper tint* 

If at the same time the eye be in the plane abne 
(fig* 133); tiiat the same eficct may take place, it will 
be necessary for the two points to he on the dia- I 
gouaf If n* 

If the eye afterwards remove from the position 
where it saw two images confonnded, these images 
IV ill separate, and the more so the more the eye shall 
change its position ; and to see them coincide anew, 
the distance between the two points must be in- 



• Quo trtem pacto f J fiat, nibil rcptnrt potva, qaod mihi iatufacirer. 
TtiCtHtui lie limine, ^ C% 
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er^ased^ if the visual ray, in varying its inclination, 
itpproaches the point and diminished, if the visual 
raj shall he inclined in a contrary sense towards the 
point tf. We suppose this ray never to be out of the 
plane abne, in which case, for the four points to'^be 
reduced to three, it is necessary to leave the two 
points always in the direction of the diagonal bn. 

843. If the visual ray be out of the plane abne, 
the effect will be different. The following is what we 
observed in that case. Let bn (fig. 137) be the sauie 
diagpnal as in figure 133, and p and r the two visible 
pointf. Let us conceive that, the visual ray being 
first inclined towards e, and situated in the plane 
abne (figr 133), the eye makes a circular motion 
from^ towards h; the observer will not be able to 
see two of the images coincide, except by placing the 
points p, r,x(fig* 138), in a direction inclined to the 
diagonal. Let us suppose the point p to be fixed ; 
the point r must be placed to the riglit of the dia- 
gonal; as in r' ; while the visual ray shall approach 
nearer and nearer to a plan^ that shall cut the prin- 
cipal section at right angles, the necessary distance 
between the point r'and the diagonal bn, will in<» 
crease, and will be the greatest possible, whe!i tlie 
visual ray shall be in the plane sfe have mentioned. 
Beyond that plane, proceeding from h towards a (fig. 
153), the distance must be diminished, by always 
leaving the point r' (fig. 137) on an oblique line that 
diverges on the side of n, relatively to the diagonal. 
When the visual ray shall fall anew, but in a contrary 
way, on the plane abne (fig. 133), the distance will 
vaiiish. If the ray continue its revolution from a to- 
wards d, the same effects will take place in a contrary 
ordier; that is, to obtain <the coincidence of the 
images, the point must be situated on the othei 
side of the dia^^onal, as in >" (fig. 137). 
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844i Now let s t (fig. 139) be a fay of light tha 
falls, in any direction, on the upper base of the rhom* 
bold. Let ^ be the ordinary ray, and the ray of 
aberration, in which casej^r will be the ampliiude of 
Aberration; and let pp\ rt^^ be the emergent rays, 
mhich, from what has been said, will be parallel to si, 
Instead of the ray s^, let us suppose two visible points, 
one at r^, and the other at that tranimit rays from 
the rhomboid in every imaginable direction. It is 
evident that among those rays, that which shall follow 
the direction i^r, will be so divided at the point of 
emergence, that i^ t will be still the ordinary refracted 
ray ; for, on account of the parallelism of the rays 
J/, r'r, considered successively as incident rays, the 
refracted ray, r will perform the same function re- 
specting each of them. Fox a similar reason, the ray 
that shall flow in the direction p^p will be so decom- 
posed in the rhomboid, that the ray of aberration 
will still be p t. 

The proposition will be always tme, whatever may 
be the positions of the visible pointi^ along the lines 
f /•, p' p ; from which U follows, that if wc suppose 
one to be in r, and the other in pto and rt$ will 
be the paths of the rays that will arrive at *, and every 
thing will take place as in die hypothesis of the hi- 
cident ray $t. Things remaining thus, let us suppose 
an eye placed at j; tliat eye will see two of the four 
images given by the two points, being confounded ia 
the direction st. Henc^, every time this union takes 
place, the distance, r, between the two points is the 
amplitude of aberration, relatively to an incident rajr 
that should have the direction in which the eye per- 
ceives the single image formed by that union* 

Now, we have seea that it was necessary in that 
case to alter the distance between the two points, in 
jproportioa ai the position of the visual ray itself 
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T«riet: whesce it follows, that the amplitude of aber* 
ration -k. not, as Newton had supposed, a constant 
quantity. 

845. . Nor is it more constantly parallel to the 
iboirter diagonal bn; for we have seen that when 
the visual ray was not in the plane abne (fig. 133) 
(and t^e fame may be said of every other plane pa- 
rallel to that), the two images cannot be made lo 
concur so as to form a single image, but by placing 
the two visible points on a line inclined to the dia- 
gonaL Therefore, in all cases of this kind, the am^ 
plitade of aberration, which measures the distance 
between the two points, itself makes an angle with 
the diagonal. - 

It would seem that Newton, having made experi- 
ments with rhomboids of an inconsiderable height, 
and being unable to measure with sufiicrent precision 
the distances and positions of the rays of light which 
he introduced immediately through those bodies, must 
have been hurried away by the simplicity of the law 
that seemed to present itself to his observation. 

We have endeavoured to ascertain the true prin* 
ciple by which the refraction of the ray of aberration 
is governed, but in cases only where that ray is situ- 
at«i in the plane abne; other avocations not per- 
mitting us to extend our enquiries farther. We shall 
now give the result we have obtained, represented by 
the help of a construction which will be readily un- 
derstood. 

846. We have seen (838) that when the incident 
133) was perpendicular to adeh^ in 
which case the ordinary ray continued its course in 
the rhomboid-, the ray of aberration threw itself to- 
waids the small solid angle 6. Let us suppose that 
the line aix> (%. 139i pi. XXII), let fall from the 
angle a perpendicularly on the diagonal ^^n, reprc- 

88 



lentK the orcf inary ray. Id that cn^e, i( we talce x if 
equal to a third of b and draw the line ay, this lasi 
line will represent the ray of aberration relative to the 
perpeodicular incidence upon a e. 

Now let 5 1 be an incident ray falling ohliqnely oit 
atj and f / the ordinary refracted ray, the positioQ of 
which it is easy to determine, from the pTopoitiou 
of S to B between the sines. The positioti of the ray 
of aberration, if, is demanded. ♦ 

From the toot of the line ax, draw xo, to form, 
with a X, an angle of 60* ; then from the foot of Uie 
ordinary ray, draw Im parallel to xo. On Im take 
the part iuj equal to xz. The line tj] drawn from the 
summit of the ordinary ray and through the point Up 
will be the direction of the ray of aberration relative 
to the incidence according to st* 

If we suppose the incidence to take place in a con- 
trary way, according to i\ then the ordinary ray 
being represented by V 1% the ray of aberration, f/', 
will be between the preceding one and the angle 6, 
and we shall have the amplitude of aberration by a 
construction similar to that which we have indicated 
relatively to the incident ray s 

847- We thus see that iu, or /'fi*, is a constant 
quantity, while the amplitude If or I'ff is necessarily 
a variable one. If we suppose the two incidences, 
St, ^t*j to be equal in contrary directions, we shall 
have smaller than f/t in such manner that their 
sum will be double the amplitude x^, relative to the 
perpendicular incidence. This amount is then itself 
a constant quantity, Huyghens had deduced this same 
result from the properties of the ellipsis, whose figure 
he attributed to the waves of light, which, in hi» 
opinioHj was the canse of ordinary refractions. But 
in the theory we propose, this result is found to be 
ascribable to the properties of right lines^ and it is 
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€ven provtld that it always takes place^ whatever may 
be the value of the angles bxo, xag^ provided we 
take lu, or ttf, eqtial to xz. Among all the possible 
cases, we have chosen that which appeared to us the 
best adapted for observation; and it is remarkable,' 
that this is the precise case where the line ox forms 
witKuxan angle of 60^, while it forms with ao ai| 
angle that is nearly 101^ that h, equal to the larger 
angle of the primitive rhombus *. 

84d. The observations upon which the same theory 
is founded, have appeared to tis to furnish a very 
satisfactory explanation of a remarkable fact we have 
already mentioned^ which is^ that the image produced 
by the ray of aberration is always more sunk than thef 
other below the upper base of the rhomboid. 

understand the reason of this difference, let ut 
remark first, 4hat the rays by means of which we see. 
the image of a point situated behind a diaphanous 

* Let OS conceive t' I' to be applied npon 1 1, by reverting the htatf V 
bf this tiUng^ I* ff, in snch manner that the point/' falls, upon the point 
€, on the othe^ tide of the ray t and the point u upon the pcAnt p. If 
we draw If and up, the last will evidently be parallel to 6n» because of 
the equality of the angles u If, pic, and that of the lines I u, Ip, Also, 
line/e will be equal to the sum of the two distances, I f-^Vf*. Now, 
at we suppose the ray I Ho change its inclination, by remaining fixed at its 
extremity i, th€ lines tr» if, on the hypothesis of lutlp, lieing constant 
wiU remain fixed tliemselves by their points p, u, while their upper and 
lower extremities wiH move along the lines a e, 6 ». Therefore, in all caset, 
we shall have tp : tc :: up :/c. But it is easy to perceive that, because of 

tihe parallels ae, up, 6 n, the relation ^ will be constant, therefore the re- 

tip tc • 

Utioo — will also be constant; and since up is constant, fc will be so 

" • 

fikewise. Now the nearer the ray t i apfmmches to parallelism with th^ 
perpendicular X m, the nearer/ 1 approaches to an equality wi^ xy. Hence; 
If fte s«{^se the direction of t ( to differ infinitely little from the perpen- 
dieulsr, we may make the line / c, or the sum of the two lines fX^f* V, equal 
to Sarjf. Therefore, since this sum is constant, it will be the double of cy 
In aU cases. We perceive that fhis demonstration is independent of th^ 
posittoA of the tiftt • x, or of the angle it makes with the diagoiud fr^fi, 
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medium, form a coite, the base of which is contiguous 
to the surface of the medium near^t the eye. Above 
that iurfacCj they Lend theiiiiielves back towards the 
eye, from the effect of refractioQ, by forming a trun-* 
cated coae, the smaller base of which confounds itself 
with the base of the first cone^ and the other base> 
^'hich is more dilated, ha^ a diameter equal to that of 
the pupil by which the rays enter the eye* 

Whatever opinion we adopt respecting the precise 
distance at which we perceive an object seen by re- 
fraction (3]9)f it is certain, all other circumstances 
being equal, thai that distance is greater when the 
two diameters of the babies of the truncated cone 
differ less from one another, the effect of which is, 
that the summit of the same cooe, prolonged in ima- 
gination behind the re fringe at surface^ is more re- 
mote from that surface. 

This being granted, let us conceive ait (fig. 140) 
fltili to represent the same rhomboid, and that, p betng 
A, visible point situated on the inferior base, p oksr 
is the broken cone, by means of which the eye per- 
ceives the ordinary image of the point p. We sup^ 
pose first, this eye to be so placed, that the visual ray 
is in the plane of the principal section. All the rayi 
of aberration corresponding with the ordinary rays, of 
which the cone poksr is the assemblagCj are lost to 
the eye, in consequence of what has been said above. 
But there is a second cone * formed by the other rays 
of aberration, by means of which the eye sees the 
image of aberration of the point p, and here all the 
corresponding ordinary rays are in like manner lost 
to the eye. 

Let us tak«, in the cone kpo, the two rays p po, 

* We i¥oid TcpTcsciitjag thb second aaatt th»l the figare mj not fa* tot 
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trliich terminate at the extremity of the diameter 
situated perpendicularly to the diagonal ae; and let 
us restore for an instant the two rays of aberration 
that correspond to them : it is obvious that those two 
rays must be at the extremities^ n, I, of two oblique 
lines with respect to the diagonal ae, since in this 
case the amplitudes of aberration diverge in regard 
to that diagonal, as we have observed before (843). 
Therefore, if the eye were placed so as to receive 
those very rays that are lost to it; their distance being 
greater than the distance k o, th^ point where ttiosc 
rays are imagined to meet behind the surface ad eh, 
would be farther oS than that of the ordinary rays, 
kr, 08. 

We then conclude that the laws by which the rays 
of aberration are refracted, tend, in general, to« render 
the distance between those rays, taken on the twa 
opposite sides, greater than that between the ordinary 
rays, taken according to the saipe condition. 

Now as this augmentation of distance, which we 
find on comparing together the ordinary ray$ that 
compose the cone pkdsr, and the corresponding 
rays of A^/ation, allowance being made fpr pircun^- 
gjaaees, pught always to take place with r^sp^ct to 
the other rays of aberration that are within t\fj^ f cope 
of the eye and enable it to see th^ image of aberra- 
tion, it follows, that the refraction of aberratipn tends 
to enlarge tlie smaller base of the truncated cond 
more than the ordinary refraction does. Hence, if 
we jiupppse this cone prolonged behind th^ r^ frijngeat 
f urface, the point of its axis, where all the directions 
vih appear to converge, o^ght to be more distant with 
jrejg^d to^ the eye and the refrin^gejci^t surface, than the 
.p^esj^pnding point of the cotie formed by the or- 
fjliipLfury rays. Consequently, tjUe appareat place of 
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tlie image of aberration will be also more dhtant than 
that of the ordioary image, 

If we conceive the visual ray to he itidmed in » 
contrary manner towarrfi the point a, we shallj by 
apply ipg the same mode of reasonirtg, obtaia similar 
conclusions. 

If the visual ray comes out of the principal section 
and throws itself sidewaysj so as to approach the 
point h, for example, then A*' a' (fig* 141), being the 
lower base of the truncated cone, the lines n\ a' 1% 

inclint the same way. But the line o't will de-^ 
viate jnore than the line k' n\ from the direction pa- 
rallel to ae; whence it follows, that we shall still have 

greater thaix A'o', though in a less degree thaa 
wlien the visual ray coincided with the principal sec- 
tion, Tiierefore, the image of aberration will also be 
seen m this case farther off than the ordinary image; 
but the diJfercnce of distances will be less perceptible 
than in the first case ; which has appeared to us corn 
formabie to observationp 

849- We shall arid some details here on the subject 
of double refractioti, with regard to the different na- 
tural substances which partake of that property. Of 
those substances, carbouate of lime and of sulphur are 
hitherto the only ones that exhibit two images of the 
aame object seen through two of their parutlel faces ^ 
which appears to us to arise from the circumstance of 
their primitive forms being ohlique-angukr p^rallelo- 
pipeds, whereas the other forms arise from a soHd in 
which the bases are at right angles with the lateral 
faccB, To perceive the double image, by means of 
the latter, the two faces through which we look at 
the object must be iuclined towards each other ; but 
it may liappen even then that the double refraction 
•fhaU become ^vaneicent and the two images com-- 
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binedy which will always be the case when either of 
the two faces of the reiringent angle is perpendicular 
or parallel to the axis of the primitive fornt, which 
depends upon the nature of the substance. Thus \h 
emerald it is the first position that occasions the 
union of the two images, and in sulphate of barytes 
(heavy spar) it is the second. 

With respect to carbonate of lime, which gives in 
general the double image of an object seen through 
two parallel faces, we may, by preserving the pa- 
rallelism, so order things, that the image shall appear 
nngle. All that is necessary is to form a rhomboid 
of that substance, so as to generate two triangular 
faces, that may intercept the two solid obtuse angles, 
if, n, (fig. ISS, pi. XXI), and be perpendicular to the 
axis tfaac passes through these angles. The image of 
a point seen through these two faces will be single, 
provided the visual ray be perpendicular to them, and 
the point be situated on its direction ; for if the eye 
deviate on either side, the two images that coincided 
will separate. 

To understand the cause of this, it must be. re- 
markedy that in the case where the image appears 
single, in consequence of the conditions we have indi- 
cated, the ray of light emanating from the visible 
point could not be subdivided in the interior of tl«e 
rhomboid, unless its part of aberration shcruld throw 
itself in preference towards one in particular of the 
acnte angles e, c, g. But the position of that part of 
aberration being the same relatively to these three 
angles, it thence obtains a sort of equilibrium, so ds 
to continue a jdint course with the perpendicular ray 
{ belonging to the ordinary refraction, and thus the 
' eye seet the two images confounded ; but as soon as, 
• llie^ye be^nning to depart from tb^^^rpendiculai*, 
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the iaddeni ray, that caused it to see the image of 
aberration, is forced ^ in passing through the rhom* 
hold, to take an inclined position tending more to- 
wards one of the angles e, than towards the 
•ther two, that moment the two images separate, 

d30« Nothing now remains btit to give a distinct 
view of the phy steal causae on which the phenomenon 
depends > Though that which Newton supposed may 
Appear singular at first, the more it is studied and the 
closer it is examined and compared with obseryed 
factSi the more reasonable it appears. 

This great philosopher supposed the tno1ecuti£3c of 
light to have two kinda of poles, upon which Uie 
matter of carbonate of lime exerted a particular 
action, whose centre was placed in the region of the 
email solid angle. Conformably to this idea, he con- 
sidered ^ach individual ray as an infinitely thin qua^ 
drangular prism, in which all the poles of the nature 
Just mentioned, were ranged on two opposite faces, 
whicli are called /lires of abermtiau. When the ray, 
in penetrating the rhomboid, for example, ia going 
from the upper base, adehf to the lower one, bcngf 
presented one of these faces to the solid angle A, the 
forc€ in question attracted it to it, whereas when it 
presented to the same angle one of the other two 
ikcesj which may be called faces of ordmary refrac- 
tion, the matter of the rhomboid exerted no other 
action on it than was comilion with ordinary media. 

This being laid down, among a!l the individual raj» 
•f which a beam of Ught that falls on the snrftice of 
the rhomboid is formed, some will have tlieir faces of 
ordinary refraction, and others their faces of aberra- 
tion, turned towards the smaJI solid angle* The beam 
will then be divided' into two parts, one of which will 
tmdcrga ordinary refr^ctiou oniy^ while the othfz^ 
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attracted by the force residing in the small solid 
angle, will be subjected to the refraction of aber- 
ration. 

This hypothesis acquires additional proSabilitf 
when -we apply it to the phenomenon of the four 
images produced by two rhomboids placed one upon 
the ' other {SS5), and to the vatiations which the 
images exhibit as to their intensity, in proportion ai 
^e upper rhomboid is made to revolve round the 
lower one. These effects shew that the pencil of 
aberration, in which all the faces of aberration were 
turned at first, were turned exactly towards the region 
from whence the force that acts on them emanates, 
is gradually subdivided, in proportion as that region^ 
during the rotation of the rhomboid, changes its po* 
sitiop, so that some moleculse after others escape the 
attractive force, to undergo the ordinary refraction. 
The contrary happens with regard to the rays of the 
other pencil, which at first had their faces of aberra- 
tion at right angles with the region from which the 
force that produces the aberration emanated; for 
these faces becoming by degrees more favourably 
situated with regard to the force in question, are 
some after others subjected to its action, till the 
whole is at last in the case of aberration. An affinity 
is supposed to be observable here, whose intensity in- 
creases or diminishes, accordingly as the corpuscles 
on which it acts are more or less exposed to its 
action, in 4Buch manner that the number of corpuscles 
atUacted itself augments or diminishes by propor* 
tio^al quantities. 
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Vision by means of a single Glass terminated 
by curviliuear Surfaces- 

We shall begin with the kiad of glasi that is of a 
more generol utility, anti bears the name of lentindar 
giaxSf or ,s imply on account of its formi ^hich 
represents two spherictil segmenUj applied to oae an- 
other by their plane faces, 

851. We have already seen (646)^ that among the 
rays which fall on the surface of a lenticular glass in 
directiotis parallel to the axisj those which are near 
that axis, after experiencing two rc fractious, one on 
passing into the gkti^s, the other on repassing into the 
air^ meet nearly in a common point w hich is called 
ihejhi us of the parallel rays. 

Let us conceive now that there is a radiant points r 
(fig* 142^ pK XX 11), situated in the place of that very 
focus* Among the rays which this point transmits 
towards the ]en?5 in all imaginable directionSj those 
which recede a little from the axis, such as rgj ri^ 
will come out from the opposite side, parallel to the 
game axis, according to the directions mp, u But 
the rays more remote from rx, such as rb^ tJ\ being 
more divergent than the rays rg^ r i, and thereby less 
iJisposed to he inflected by the quantity requisite to 
become parallel to the axis on repassing into the air, 
^ill come out according to the directions es, 
which will diverge respectively, or with regard to the 
ixia, in such manner however that the divergence will 
be less than that of the incident rays> 

It thence follows; that if we prolong the emergent 
rays z m, 5 e, y their prolongations will intersect at 
the points r, ff, c, Sec. farther from the lens than the 
point r, so that their intersections will form a caustic, 
as in the case of reflection at the surface of concave 
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w convex mirrors. To curves of this kind the name 
jDf.ctftffttcf refraction is given. 
. BM* If we suppose the radiant point to be situated 
between the focus of parallel rays and the lens, then 
the rays which will fall on the small space gi, being 
more divergent than when they issued from this same 
focnsy it foUowdy that on their return into the air they 
will continue to diverge, instead of being parallel, and 
at the same time the divergence of all the others wiU 
increase. 

8$3. Instead of a simple radiant point, let us con* 
ceive aa obj.ect, A B (fig. of a certain extent, 
«|id placed in like manner on this side the focus of 
the.paraUel rays, and let O be the position qf the ey^. 
By again cdnfining ourselves herie to the. course of 
the rays that flow from the extremities, A, B, of the 
object, we may still suppose twa cones of light, c A e, 
y B h, BO situated, that after being first bent back on 
entering the lens, and then returning into the air, 
they .proceed to pass through the pupil of the eye, O* 
la this case the rays, such as A c, A which sensibly 
{diverge in coming from the point A, will, after their 
emergence in the directions pu, have no .more 
than the small degree of divergence that accords with 
the conformation of the eye ; so that all the cones 
^ent from the diiferent points of the object^ will go 
to paint the image of it on the retina. 

If we prolong on the side opposite to the eye tlie 
X^f^ y K And all the others which it is necessary 
to. represent as comprised between them, w^e may 
aj^Iy ix> ail these rays what we have said of .the rays 
y.^f ^> (fig* ^42) ; namely, that the intersqqtiont 
pf their prolongations will not coincide in a common 
|»oint« . But as those which compose the cone that 
came from the point A (fi j. 14.^) are very nea^r to- 
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gether, the concurring points of the prolongations we 
are speaking of will be comprised within a verj small 
space, m so much that here, as in the other analogous 
cases mentioned before (819)> the directions of the 
diiTerent rays are imagined to concur in a single 
poitit^ that, as it were, is their centre of action. 

854, In all circumstances ^similar to the one we are 
considering, we see the object direct and at the same 
time amplified ; for the eye perceives it under the 
angle / O manifestly more open than the angle AO Bp 
under which it would be seen by the simple sight. 

855, In the same circumstances also, the abject 
appears to have a greater degree of clearness* For 
Jet r (fig. 144) be one of the points of the object, 
tvhich we will suppose to be the middle point, and hi 
the diameter of the pupil ; all the rays coniprited in 
the angle prs will pass through the aperture of the 
pupil, in the directions qk^ li, and the intermediate, 
lines. Now if we prolong rp and rs towards the eye, 
and suppress the lens, the rays comprised in the angle 
prs will spread over all the space gA, which is larger 
than the diameter of the pupil; from which it foUows^ 
that the pupil will receive more rays through the in- 
tervention of the lens, than in the case of simple 
irision ; and though there are some rays that are inter- 
cepted in their passage through the lens, the loss 
being more than compensated by the effect of refrac- 
tion, an increase of light will always be the results 

856, La^stly, the point of concourse of the rays that 
bring to the eye the image ©f every point of the 
object, is more distant than in ordinary Tision; for 
the refracted rays/, for e?iample, in repasjsing inta 
the air will depart from the perpendicular at the point 
If according to a direction /i, so that its prolongatioHf 
Is^ wHi pas» to tj;ie right of the point whence ii 
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ToUon, that the rays it, hq^ will meet in a point, 
more remote from the eye than the corresponding 
point, r, of the object. 

857* With regard to the judgment we form of the 
dimeiuipns and distance of the image, eyeiy body 
knows that it appears in reality larger than the object^ 
and that we are led at the same time to suppose it 
nearer, though the rays which delineate it at the 
bottom of the eye are directed as if they proceeded 
fiom some fictious object, more remote from the eye 
than the true one. But this is only a sort of precipi- 
tate jodgment into which we are drawn at first by the 
increased magnitude, and to which the increased 
deamess likewise contributes. Take a long needle^ 
■Ad pass it slowly under a lens, in a transversal direc* 
tion, and at a proper distance from the glass ; com* 
pare attentirely the position of the image with that 
of the object, and you will observe that the image is 
in appearance more remote, especially if the lens be 
tolerably large. By augmenting the distance, and 
pasnng the needle to and. fro in directions parallel to 
itsdf, yon will discern the difference still better; for 
th(*re are moments in which we must be on our guard 
against the illusion that tends to make us judge what 
>p]^ear8 larger to be nearer to us. 

858. Let us ]:eturn to the consideration of a simple 
radiant point, r (fig. 14€), and suppose this pointy in 
coming from the focus of parallel rays, to recede gra* 
dnaUy from the lens. In that case, the rays that will 
£iH.oii the small space gi^ being less divergent than 
in the case where the focus of parallel rays was their 
jpoint of departure, will be thereby determined even to 
(K>iiverge in relation to one another, or with the axis, 
behind the lens : at the same time the divergence of 
the rays, ri, ^y, more remote from the axis will di- 
nninish, and there will be a term at which all the 



emergent rays ^'ill be thrown towards the axis, as wt 
"tee in figure 14J (pi XXIIl), In this same case, of 
the r&ys situaied on ihe same side of the axis, cacb 
will be intersected by the following raj, and we may 
f?onceive a catistic that passes through all the poiots 
©f intcri^cction. 

8^9* L^t us again subsiiinte for a simple point 
object, A B (fig, 146), of a certain length, supposing 
it still phiced beyond the focus of the parallel rays; 
and jet us, fgr the greater simplicity, consider only 
what takes place with respect to the middle point, R, 
and the two extreme points, A, B, The poiat R is 
again here the comnion summit of aa infinitude of 
cones wliich fall on different parts of the surface of 
the lens. Now, among all these cones, that of which 
the axis Kt is perpendicular to the re fr in gent surface 
m t n, is composed of rays that manifestly meet in a 
common point, r, behind the lens^ and thus form ther^ 
a focus. 

In like manner there flows from each extremity an 
infinicudc of cones more or less oblique, the bases of 
whicfi correspond to different parts of the surface 
7n t ti. Now, among all these cones, there is one 
^hoie rays meet nearly in a hke point behind th^ 
lens ; and it is that of which the axis A c is so situ- 
ated that, after being refracted according to the line 
chj it meets the surface mxn m the place where the 
tangent at the point of incidence A, on the concave 
arc, is^ paraliel to the tangent at the point of incidence 

on toe convex arc. In this casie, the refracted ray 
ch passes through the middle of the lens. We may 
conceive theie will always he a cone sent from the 
point A, that will satisfy those conditions ; for, if we 
suppose that the line xf, which forms part of the axif 
of the cone sent from the point R| while remaining 
fixed by it£ middle^ which coincides with die cenire 
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of the lens, turns round that centre in such manner 
that its extremity t describes the arc tm, and its pro- 
longation is refracted continually in the space be- 
tween tm and R A, that prolongation will successively 
abut upon different points situated between R and A, 
and will end iat last by coinciding with A. Now it is 
evident that at this term the line x t will have the po- 
sition he; from which it follows, that if Ac be now 
considered as the incident ray, the refracted ray will 
ht ch. 

We see also that the ray A r, in repassing into the 
{ur after its refraction at A, will take a direction, h 
parallel to that which it had at first; and if we sup- 
pose the lens to have but little thickness, we may con- 
sider the ray A a as being apparently on the direction 
of the ray Ae^ and as forming the same line with it. 

It thence follows, that the cone to which the axis 
A t belongs is that, among all those coming from the 
point A, which approaches nearest to the circum- 
stances of the middle cone, whose axis is the line K / : 
now this will be also the cone of which the rays will 
apparently meet behind the lens in a common point, a. 
' The same reasoning may be applied to all the cones 
proceeding from other points of the object A B, by 
which we perceive that the rays of all these different 
cones will have their foci nearly on a line, 6ra, paral- 
lel to the line ARB. Now, wherever th^re is a focus, 
an image is formed of the radiant point to which that 
focus belongs ; and hence it is that if We place a sheet 
of pi^r at a proper distance behind the lens, we shall 
see the image painted on the paper. In the same 
case we see the reason of the image being reversed, 
•ince the only cones whose rays are collected to- 
gether, if we >may so express ourselves, in a manner 
to produce foci, intersect in the middle of the lens. 
On this pirinciple is founded the construction of the 

V«L. II. K K 



dark room (camera obscurajp of which we shall speak 
hereaften 

S60. It is easy to eonctivft iJmt the lens, in the ex:'^ 
ptrimcnt we have been citingj is nearly with respecl 
to the paper tliat presents the image of the object 
what the crystalline humour is with respect to thi 
membrane that covers the bottom of the eye, and re«l 
ceivcs in like manner the images of objects. Onljtl 
the lens acts by itself in producing the image we sc 
on the paper, while the different humours of the eyi 
unite with the crystalline in the representation of 
objects on the j^titia. 

86 1- Things remain itig the same^ instead of sup- 
pO!»iDg in the situation of the image a 6, a piece of 
paper on which the eye perceives that image^ as in a 
picture^ by means of the rays that are reflected from 
its different points, let us take away the paper and 
conceive the eye itself to be situated behind the lens, 
to observe immediately the image of the object A B*, 
It is in the first place evidentj that the organ will ao 
longer be able to see it by means of the rays fbt hOf 
&c* which bad served to render it present to the cje 
when it was painted on the paper, since the axes of 
the cones to which those rays belong continue to di- 
verge J w lie re as it would be necessary they should con- 
verge towards the eye. 

Also the mere view of the kind of change of scene 
which has taken place in this case, is sufficient to 
shew that the rays themselves have altered their 
course ; for we then commonly see two images of the 
object : besides, each image is seen by one eye only, 
and in such manner that the image which is situated 
on the left is painted in the right eye, and vice vem; 



* The eye in ttds cwR ought CCk be situiilc4 bfljAnd the fuciic if the ^ 
mild i^js that lj its lide. 
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lihidiwemay ascertain bjt sbattiag aad opening each 
eye in turn. Lastly, though the rays which, in this 
case, arrive from eveiy point of the image to one or 
other of the organs of vision, continue to intersect be* 
Iween the lens and that organ, as we shall presently see, 
we then no longer refer this image to its true place, 
that is, to the situations where the rays intersect, but 
}t s^pears to us behind the lens, nearly as when the 
object is situa^d on this side of the focus of the pa- 
laUel rays, unless, as in the present case, it is reversed 
agfd smaller than the object. We shall speak soon of 
a particular instance in which the two images are re- 
cced to one, and which we then see with both eyes. 

86i. Our object now i^ to prove that among the 
fKffetent cones which, from the different points of a^l 
4»faject, A B (fig. 147), are directed towards the lens, 
^iiere will be always some that will be bent by refrac* 
tion so as to produce the effects we shall described 
htt 08 suppose the two eyes to be stationed at o and 
&. From the point B, there comes a pencil of light, 
eBir, of which the extreme rays. Be, 3^9' are re- 
dacted in the lens according to the lines e s and ut; 
and as the emergent ray which issues at s is farther 
hom the axis than that which issues at z, it ^ill in- 
eline towards the latter ; so that the two rays, after 
ioterseeting at i, will proceed towards the eye, and 
enable it to perceive at that same point, or near it, the 
image of th^ point B. By similar reasoning we may 
pnyfe that the pencil Ad tends to' produce a like 
eflbcl: on the eye o, with respect to 'the image that is 
finnnfed a^«of the point A; and so of all the other 
interaiediate pointo of the image a b. What we have 
said of ^is image applies of itself to the image n'b^, 
irfaich the eye & perceives by means of the- pencils 
stnd Bjf; and there is no difficulty in conceiving 
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^hy the two images are both reversed and snralkf 
than the object* 

The circumstance we are considering here is ana- 
logous to that which takes place when, by means of a 
concave mirror (801), we perceive the double image 
either behind or heibre the mirror; because the eye, 
which is accustomed to bring together and identity, 
if we may so speak| the two images in ordinary cases^ 
where they almost exactly coincide, receives ihetn 
here in situations so much apart ^ that it no longer 
falls into the illusion which led the observer to lup- 
pose them united into one. ^^jf 

963. But it may happen that the eyes, by varyiug^^ 
their motion, may be in a position under which tht^ 
four pencils intersect two by two in places where the 
rays themselves have their intersections; in which case 
the points a, a\ on the one part, and b, b\ on the 
Other, will be confounded, as is representiid in figure 
148, and then there \^ill no longer be more than oae 
image, which will be seen by both eyes at once. 

The 6rst phenomenon, videlicet f that which pro- 
duces the two images represented by figure 147, han 
this singuliu-ity atteuding it, that the places to which 
we refer the images are not situated between the lea^ 
and the object ; and it is thus that thiB singularity i^ 
' explained. We see each of the images in question 
but with one eye, as we have stated ; from which it 
follows, that there is but one of the optic axes di- 
rected towards each image, and thus one of those con- 
ditions is wanting which are commonly necessary fur 
us to judge of the position of objects (758), and afe 
especially so when the vision is effected by means of 
a glass that draws the eye in a manner out of its or- 
dinary state. We may add, that, in the present case, 
the position of the real object beyond the glass, leaiii 
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w to judge the image to be situated on the same 
side. 

8fi4. If we present a tarnished glass on this side of 
the lens, at the place where the foci of the cones be- 
longing to the different points of the object are 
formed, we'shali perceive the two images oil this same 
glass; as if a ground were necessary to this picture, 
traced in a manner in the air, to divert the eye from 
the illusion to which the presence of the lens subjects 
it : md what proves, that, in this case^ they are the 
prolongations of the very rays received by that picture, 
which, in penetrating the glass, proceed to copy on 
the bottom of the eye the traits of the drawing, and 
not of new rays reflected by the posterior surface of 
the glass, is, that if there were but a single image, it 
would appear or disappear accordingly as we shut one 
or the otber eye, as would take place if the tarnished 
glass were not employed. We have thus already one 
way of referring the image to its true place. 

865. But we shall exhibit an experiment that pro* 
duces the same effect without any intervening object. 
Place a lens in a vertical position, at such a distance 
from a very perceptible object, as a metallic ball on 
the top of a vertical iron rod, that you may see two 
image;s of this ball through the lens ; then withdraw 
your eyes gradually, and the two images will approach 
each other and become continually smaller. At length 
there will be a term where they will meet, and the 
two optic axes being then directed to that single 
image, you perceive it distinctly on this side of the 
lens. This is the case which figure 148 represents. 

Now it) continuing to look steadily at the image, 
you draw gradually nearer to the lens, yon will still 
fee the image single though you advance ^yond the 
point where it before appeared double, and it will be- 
tides come forward of itself, as if to meet yon. It ha^ 
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sometimes happened ia such circtimstances that 
have brought tlae image so near as within seven or 
eight centimetres of the eye (3l inchesX which was 
easily determined by placing a finger by the side of 
the image; and, to see the image again double, we 
\^er€ obJiged to begin the experiment anew, after 
having looked at other objects, as if to efface the last 
impression, and call up afresh the illusion of wliich it 
had taken the place. 

86ti. Eyes the most perfectly formed by nature arc 
Uable from age to different alicrations : theix humours 
become dry and contracted ; the cornea and crystal- 
line flatten; light is less inflected in them by refrac- 
tion, and of consequence the summits of the pencils 
which form themselves in the eye fall no longer o» 
the bottom of the organ, but tend to reach a limit be* 
yond it* The image then, instead of being couipoied 
of distinct points, is merely a confused assemblage of 
smalt circles that encroach on one another- We 
hence conceive why those persons whose sight begins 
to fail from the e fleet of age, and to whom have beea 
given the name of pr^shj/tiSf are still able to read 
distinctly by placing the book farther from their eyes; 
for then the cones of light transmitted from the dif* 
ferent points of the printing or writing having longer 
Rxcai, while their base remains equal to the circle of 
the pupil, the consequence is, that the rays diverge 
less in their passage to the eye than when the book 
^as ncareT*, and that divergence renders them more 
apt to converge, by means of their refraction in the 
humours of the eye, which may bring their point of 
concurrence surticiently near to make it correspoud 
on the retina. But when, by reason of the further 
mcrease of this defect in the eye, old age is deprived 
of the resource just adverted to, it is supphed bj 
laeans of glasses % little convex, called spectacles, the 
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effect of which is to diminish the divergence of the 
rays .that in this case reach the eye as if they came 
from a greater distance ; so that when the glasses have 
the degree of convexity suited to the state of the eye, 
the rays meet at the bottom of the organ. 

867. When a lens is presented to the solar rays, in 
such a manner that its axis coincides with their direc<» 
tion, these rays, after being twice refracted, once on 
passing into the glass, the other on repassing into th^ 
air, assemble again in a certain space which is situate^- 
on the axis and is called the foeus of the lens. Bodies^ 
exposed to the activity of this focus undefgo altera** 
tions similar to those produced by the foeus of the 
concave mirror (807), and the lens has then the name 
of burning-glass. Tschirnauscn and Hartzoeker havi 
made lenses of this kind that were 13 decimetreii, or 
four feet, in diameter. 

The larger the lens the more rays are contain^ ti^ 
the focus, which is in reality a collection of ah infiili^ 
tude of foci, whose dispersion over different points of 
the axis deprives a great portion of the rays of theit 
Activity. The effects they produce are rendered nluch 
more powerful, by making them pass through a second 
lens that is smaller and very convex : tht^ lens> besides 
the advantage resulting from a greater number of rayV, 
possesses that of compressing them in a siliall^r spacCj 
where their action is exerted with fat greater energy. 

868. The effects of cotivex glasses bein^ properly 
«mderstood, those of concave ones, which have in ge* 
Ijieral the contrary properties, will he attended with 
no difficulty, lliese last render the objeetii seen 
tfirough them smaller than they teally are, because y 
ihb two sides of the visual angle, which mte)ure« the 
apparent magnitude of the object, losing part of thek 
totivergence in passing through the gk^ii, that angle 
%ecome$ sm^dl^ tbaa it i^inild be to the lAmfk «ight, 



869. Th cie glasses also render thft objects less cleaii 
because each peacii of light h dilatedj from the elfect 
of refractiou, and of coiiacquence fewer rays reach the 
eye than if tfie pencil had retained the same diiatation 

whea it departed irom the object. 

870. Lastly, if we suppose the rays which enter the 
eye to be prolooged on the opposite side, their point 
of concourse will be nearer the eye than in the cate 
of orditiarj vision- This also u owiifig to the dilata- 
tion of the pencils, which renders the rays more di- 
vergent towards the eye, or, which amounts to the 
same, more convergent in the contrary setiic, as if 
there were no glass. 

It IS true, that when we see an object through a 
concave glass, the first impression leads us to suppose 
it farther otf than when we see ii with ihc naked cye> 
because it appears smaller; but looking more care- 
fully we soon correct this misstake ; for if we make an 
experiment here similar to the one we mentioned 
(857) lUien speaking of the lenticular gla^s, that is, 
if we draw backward and forward, behind the giass, a 
thin and long object, and compare the apparent di- 
itance of the part seen by refraction with the other 
part which projects beyond the glass ' and is seen by 
the naked eye, we shall clearly perceive that the first 
distance is less than the other, 

871- Those who by a natural defect have the cornea 
and crystalline humour too convex, are called mj/opes. 
This figure, which increases the quantify of refraction, 
tends to render the rays of such pencils as are formed 
in the eye more convergent, so that the point where 
these same rays meet is on this side of the retina. 
Myopes see distinctly those objects only which are 
near, which send towards the eye rays more divergent, 
and thereby less disposed to converge, through the 
effect of refraction in the crystalline and gtb?, 
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humoan. . This imperfection being the reverse of 
that which affects the eye of presbytsey is remedied 
by the use of a glass slightly concave ; which, increas- 
ing the divergence of the rays received by the eye, 
prolongs the penciU that are formed in the organ, 
and .causes their summits to fall more exactly on the 
retina. 

872* Myopes seem to have a fondness for minute 
objects: in general they write a very fine hand, and 
read in preference works that are printed in a small 
type, because by choosing dimensions suited to the 
narrow scope of their sight, they continue to embrace 
a greater number of objects at once. They have the 
habit also of closing in a certain degree the eyelids 
when they wish to see objects distinctly that are 
otherwise dbtant for them. Two advantages have 
been ascribed to this natural motion. On the one 
hand, by -contracting the lid, access is given to g 
smaller portion of light. Now those who are myopes 
see objects that are situated at a distance indistinctly, 
merely because the cones that are formed in the eye, 
as we have Observed in the preceding paragraph, have 
their summit on this side t^e retina ; so that the pro- 
longations of the rays of which these cones are the 
assemblage, give rise to new cones, ,whose base meet- 
ing the bottom of the eye depicts a small circle there, 
instead of a simple point. Accordingly, when the 
number of rays introduced into the eye is diminished, 
that small circle is contracted, and the vision becomes 
less confused. On the other hand, the eyelids, by 
closing, exert a pressure on the organ that diminishes 
its convexity, and in part restores it to the form most 
favourable to clearness of vision. 

873. When we would examine yery minute objects, 
spch as the stamina and pistils of flowers, or the. difr 
fer ent parts of an insect, we commonly make use of a 



uuall lens whose focal distance is very short, or of a 
glnoi globdJe ; this is called the diuplt microscope^ 
Suppose Hr&t, that we etnpioy a lens, tn u (%, 149), H 
i* very e vidua t, that if thisi leas be small, and the eye 
be at a, close lo its surface^ the angle aubj under 
which the eye aees the object 6, supposed to be 
vt-ry iiniall, wili be nearly the same lis in the case of 
thc^ naked sight : for the riiys £i boj will pass very 
near to tlie inidtllej c, of the len.^, and will uf coEise- 
ijoence come out apparently parallel to the direcdont 
they had when they came from the object; so that 
their respective inclinations wiil s^uircely be deranged 
by the lens* It thence fallows, that the single micro- 
scope represents objects nearly of the same apparent 
magnitude as when seen immediately by the eye at 
tJie same degree of proximity. Let us consider then 
IV hat advantage is gained by using a lens, 

flT4i A fiiiiall object placed very near to the naked 
eye, prodtiecs only a eonfused image, because the rayi 
that composiL^ the cones of light, transmitted from the 
dirtvrt^nt points of the object, being very divergent, 
Cunnot be snfficiently refracted in the humoar^ for 
the simitnits of the interior cones to terminate on the 
n^ium. The points where the rays meet lead to a 
greater distance, and in this respect all niea may be 
Riiid lo be pie^jbytae. Of this we shall easily be con- 
vinced by looking at a small object that is very near 
Id the rye ; its image will appear considerably' ampli^ 
fit^iK Iw^ausc the eye being, if we may so speak, on 
this tide the limits which bound the field of jt» or^ 
binary observations, judges of the real by the apparent 
inagnitatle, in tlie same manner as w^heo it is beyt^nd 
tho^e limits, I hat is to say, when the object is Tefj 
dltitfint from it; but the image at the same time will 
haw ft kind of misty appemrancej for the reasoa we 
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If, under the same circumstances, we Jodc at tho 
<»bject through a small hole made with a pin in a ptecn 
of papcri the image wiU appear much clearer; becaosft 
the hole will pcr-uit only a small portion of the rays 
belonging to^ach cone to paaa through it, and thus 
the small circles which the interior cones will form on 
the bottom of the eye being reduced o early to simple 
points, their impressions will be much more diatinct, 
, 37 J, ^iow observe what the simple microicOpe 
floe^; it sensibly diminislie^i the divergence of the 
rays which conipo!»c the cones emanating from the 
jl^bject, and makes them reach the eye under the Mine 
degxec of inclination as if they came from an object 
situated at an oi Jiimry distance. Of conseq^uencc th« 
jlP^irision of such object will become distinct, and the 
image at the same time acquire additional clearness ; 
because the refraction^ in this case, collects and con- 
denses the rayi^ in such a manner that more arrive nt 
the pupil than it would receive without the interven- 
tion of the glass (855): moreover, the visual angle re- 
1 fining the same, the object will be seen under the 
[same apparent magnitude. Thus we know, in general, 
Itliat a person with good sight sees an object distinctly 
Imi the distance of about £2 eentiinetres or 8 inches; 
[but if the object is very small, the angle under which 
[ it is seen at tliat distance contracts the image so much 
nt the bottom of the eye, that the vision has not suf- 
Ificieut clearness. Tlie microscope assimilates the 
^ image to that of an object of very sensible magnitude 
[that should be placed at the ordinary distance we have 
mentioned^ of 22 centimetres, where the direct visiou 
distinct. It gives the eye th« advantage of the 
I augmentation of magnitude, and removes the incon- 
venience that arises from the too great proximity of 
the object. 

The lens h so disposed that the object apparently 
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Comcides with its focus, because iti that case the rajs 
of each esfterior pencil arrive at the eye in parallel 
liirections or nearly so, which is requisite to clearness 
of vision^ supposing the eye to he well formerL 

876. In the same hy pot hems, the apparent diameter 
of the object, seen through u lens, h to the diameter 
Trhich would have place at the di^stance at which the 
eye perceive* ordinary objects disiinctly, as the angle 
under which the same eye sees the object placed in 
the focus of the lens h w the angle under which it 
would see it at the distance we have stated. Now the 
two angles subtend equal ciiords, either of which mea- 
sures the real diameter of the object, in such mai>ner 
that each of them forms with its cliord a triangle of 
ivhich the chord is the base. Therefore these an glee 
are to one another ueariy in the inverse ratio of the 
heights gf the triangles to which tliey belong- Now 
the height of the shortest triangle is the focal distance 
of the lens, and the height of the longest the distance 
requisite to distinct vision \ whence it follows^ that 
the diameter of the object appears amplified in the 
proportion of this last distance to the distance of the 
lens. For example, if we aupposCj as before, the di* 
stance requisite to the distinct vision of objects at" a 
sensible magnitude to be 2^ centimetres, and the focal 
distance of the lens to be millimetres, the diameter 
f>f the object will appear increased in the proportion 
of 88 to !• 

877- We may substitute for a lens a glass globule^ 
which is easily made by melting a small piece of that 
substance in the tlame of an alcoholcd wick, to prevent 
the mixture of fuliginous matter^ which would injure 
the transparency of the giass. i^impie microscopes 
also may readiiy be formed, by making a small hole 
through a thin plate of metal, and coliveyiijg to the 
hole a drop of water suspended to the point pf a pm^ 
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«o that the drop mHy assume a perfectly round fornix 
But these drops have less effect than tlie glass globuWy 
because their refractive power is less (/)• 

Vision aided by Instruments formed of several 
Glasses. 

Our remaining task is to exhibit the resources which 
art has been able to derive from the combination of 
glasses either with one another or with mirrors, to 
form those instfnments which have' been productive 
of so many discoveries in the hands of astronomers, 

(t) The fluid microscope here described was first suggested by Mr. 
Stephen Grey, as may be stcn in the Phil. Trmns, Nos. 221, 225, or vol. 
rV. pp. 97, \H0, of the New Abridgement. Another fluid microscope has 
'Iwea raoently invented by the Rev. D. Brewster, and is described in the 
fd voL of his edition of Fergu»»n*s Lecturct. Its exterior appearance b 
much, like that of the new pocket microscope invented by Messrs. Jones of 
Holborn, and described in vol. IX, of Dr. Hutton^s Dicrionaiy : There is » 
Vertical bar fewd upon a horiaotital pedestal ; and from the top of this bar 
9nioeec|t a h»ri«mtal arm, which supports a circular case containing the 
lenses : below this another horiaontal arm slides up and down, capable of 
adjustment by means of a screw, and carrying the usual sliders to hold the 
•bjecC which it is proposed to examine : and upon the pedestal is fixed the 
inune of » mirror, which has both an inclined and a horizontal motion, in 
eider to iUnninate any object upon the slider. The upper circular case is 
koOoWy and contains lour, or more plano<«onvex lenses, which are constituted 
each of a drop of very pure and viscid turpentine vamisb, taken up by the 
l^eint of a piece of wood, and dropped upon a piece of very thin and well 
folisiiad glasa. The lenses thus formed may be made of any focal length 
ftj taking np a grater or a less quantity of the fluid. The lower surface of 
the ^tas» having been first smoked with a candle, the black pigment imme- 
&tely bdow Uie lenses is then to be removed, so that no light may pass 
fcnt throngh the leniei. The piece oPglass is then perforated at its centre, 
and snirounded by a. toothed whafl, which, when the wheel is pat in the 
mpper circular case^ may be turned by a common endless screw, so that the 
fluid lenses shall be brought severally under an eye-aperture property di*- 
poied, and any object be successively examined with a variety of magal- 
(fing {K>wcrt.-^Tit. 
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naturalists, and that num«rou$ class of obiervefi ti^ 
whom has been given the appellauoa of the iyfu-€jfe4 
literati ; savanjs am yeux de l^nx. 

87 S. The effects of telescoped and microscopes de- 
pend in general on this circumstance, that the first 
glas^ exhibits an image in the space between it and 
the following one, which image that following one 
conveys in \U turn beyond the next glass^ and so 
through the serieg, in such a manner that the last 
image becomes as it were the immediate object of 
vision ; and the whole theory relative to this subjjcct 
consists in ascertaining what is the best construction 
tor rendering this image as distinct, as large, and as 
blear, as possible. The eye which receives this image 
constitutes J in some sort, a part of the telescope or 
microscope, and they form together a single optical 
instrument, or^ if you please, a singular kind of eye, 
that combines the whole power both of nature and 
art to raise visioti to its highest perfection, 

879' The most simple of all telescopes is that\^lilch 
is called the mitvnomical teiescope : it is composed of 
two convex glasses, of which one, gk (fig. 150), that 
is turned towards the object, is called the object-glass, 
and the other, kn, situated towards the eye the 
ocular or et/e-gla^s. This last has more conve.vity than 
the other, and its focus, r, coincides with that of the 
object-glass g hy no that c I is equal to the sum of the 
focal distances. The eye placed at the point o, wheft * 
the other focus of the eye-glass is situated^ receives 
rays whose impressions on the retina represent Uic 
object reversed there and very much amplified. 

It is easy to perceive, from the mere inspection q{ 
the figure, first, that the ^object-glass g h produces In 
<i 6 an image of the very remote object A B, like that 
of which we have before explained the Ibrmation 
(839), and that it might be received immediately by 
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'-<»|>lacing a piece of white paper a,t the distance r c, 
from the centre of the objcct-glass. This image is 
substituted for the real object^ and the pencils kbm, 
nax, &c. which flow from the different points, and 
of which the rays are merely prolongations of those 
that have passed through the object-glass, bend in the 
^ye-glasSy m such a manner that, on repassing into the 
wr, they concur towards the eye in the directions z o, 
f 0, while the rays of each pencil lose nearly all their 
copvergence, which gives clearness to the image on 
the bottom of the eye. On tlie other hand, the angle^ 
sopf under which the eye perceives the fictitious 
object being much larger than that under which it 
would see the real object, the apparent magnitude is 
considerably increased ; and we prove by geometry that 
it is to the magnitude under which the object would 
appear immediately to the eye, as the focal distance of 
the object-glass is to that of the eye-glass 

* Let A B (iig. 151, pi. XXIV) be the diameter of a rery distant objeot» 
as the moon for initance. Let m, r, be the foci of the parallel rays, rela- 
tively to tbe object-glaM g h, and r,f, those of the saae rays with respect 
to the eye-glass kn. On account of the immense, distance at which tht 
•bjeet ii situated, we may always sapposc, that a ray flowing from one of 
its eitremities, sach as A, after having passed through the fttcos m» pro* 
. ceeds to meet the lens g h ; from which it follows, that it will come out of 
It in the direction h n, parallel to the axis R r, and that after experiencing a 
aew refraction in the lens k n, it will direct itself towards the focus^* 
Now, conceive another ray, A c, that passes through the centre of the lens 
f h. The refracted ray, e a, forming so extremely small an angle with the 
axis e U that is in a manner parallel to it, will come out of the lens nklm 
sndi a direction, that the point o, where it will cut the axb, will nearly coin- 
dde with the focus,/, of the parallel rays. Now the ray A ft may be con- 
sidered as tlie axis of the pencil which forms in a one of the extremities of 
'th« image situated in the interval between the two lenses; and since the 
pcnnts cf, as well as the directions of the two rays that terminate at those 
points, approach so as to be nearly confounded with each other, if we sop* 
pose the eye to be situated at o, the angle nfl will, ai to Sjcnse, be that il^ 
which that eye sees through the telescope the semi-diameter of the^nl^r^ 
image. But, since the object is ettreimely distant, the iaterral betireen tiic 



It rfieoee foBovFi^ that we ^am on the siile of 
&Deii4iaE]s bj employing efe^glftnei of a sbofter 
focQi ; but at the i^me time we kkse m to the clear^ 
neif of the image that is painted on the bottooi of the 
tye, because the rays of the same peocti after hairtog^ 
paased tbrough an eye-gk^f the focus of which bein^ 
nearer requires greater conrexity, do not ako exactly 
meet on the retina in a common point. 

880. Tlie telescope we have been de^eribuig scrrcs 
only for celestial objects, where the in version of the 
(mage is attended with little tncoTiventence. For ter* 
restrial objcctt another kind of iostnimefit has been 
invented, known by the name of the BaiavUin ith- 
Mcope or Gaiiietis teiestape (817? note h)f which is 
formed of a convex object-glass and a concaTe eye- 
gtasi, and represents the objects direct. Let m con^ 
gider the progress of light in this instrument. 

When an object u situated behind a conve.^ glass, 
beyond the focus of the paraUel ray^, the image which 
the rays proceeding from the diiferent points nf the 
object form on the other aide (8^1 1 K becomes smaller 
in proportion as the object is farther oC Now such 
is the extreme mitmlene^^s of that which the object- 
glass of the Batriviati telescope tends to produce^ that 

poinU 9, rrtt muni t>e considi^ricd u nugilorj ; m th»t we sappOM tlie* 
•ngle A m E> fiif its equal , cmht to b« tlmt hi which the eye would ite iht^ 
lem I -diameter oi tlie abject with the uaturaJ tight. Hence the apparent 
magnitude wit] be to tht real tua^iutude &s the augle nf I h to the aagle 
cjnk. Now these angki beiog vcrj smaU aud aubtended hy the 
iSdf*s c h and I are tensibly to one ariDlher a* c m, or ct, is lo/L 

F»r it wc make e m ft, / e to coincide by their lides c h, i as ii rep«- 
t^nied in lig. 15^, the angles cmh, cvh, ithich we alwap stsppoie ivlf* 
extremely tnialfi will be uenrly ai their sines^or aa the sidci oht hm,vilach, 
in ihe tnant^le nt h Ot are opiiositc Cu those aagLei. Now the relation of oh. 
to A m dld'ers in ita turn very little from that of r o to c m, which are the 
two foeal difitHnciei. St^e Huyghens^ 0p9tM Etliqua; Amii^lod, T«i II, 
dioptr. p. 154, ftfld Smttji*i Qptlc»i p. 7f . 
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the space it would occupy oh a sheet of paper placed 
at the proper distance would be sen^ibljr less than the 
surface on which the objects are painted at the bot^ 
torn of the eye* 

Let g A (fig, 155} be the object-glass, and A B C, 
two rays from the extremities of the object, which, 
after crossing each other at the centre, C, of the ob- 
ject-glass, $hp-\\ have formed at a & a small image of 
the object. If we place a conca^^e eye^glass^ An, be* 
tween the object-glass and that image, the divergent 
rays C 5, Cf, in passing through this eye-gla$s, wUl 
become still more divergent, and wil! take the direc- 
tions sb* ta* ^ from which it follows, that if the hne 
D d represents the diameter of the pupil of the ob- 
server, he will see the image of the object of a mag- 
nitude, 6*a% much more contiderabie than that in 
which he saw it without the intervention of the glass 
we have mentioned » 

Let us suppose C*, Cij to be the axes of pencilt 
sent from the points A, B; the rays which form these 
pencils will converge towards the eye-giass, since but 
for the glass they would proceed to unite in a and b; 
and such is the curvature of this glas^s, that it will 
render the rays parallel or nearly parallel, so that they 
Tvill enter the eye in directions proper to produce a 
clear image at the bottom of that organ. 

Lastly^ it is evident that the object will appear 
direct, because the rays that Ho wed from the pointt 
A, B, instead of intersecting, as is generally the case^ 
in passing through the pupil, will intersect in passing 
through the object-glass, whieh produces the same 
tffect with regard to the situation of the image. 

Such, then, is the eflect of the eye-glass, kHj that» 
by its intermediation^ the rays which tended to pro* 
duce the image a 6 in space, paint it at the bottom of 
the eye ia m largest dimeaiiooii, a« if ii were the 
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image of &n object situated beyond jr, and of whicti 
the extremities should send rays that^ after crossing j 
IB this same polntj should continue their course with- 
out intersecting in the pupil itself^ by following the 
directions £ za\ The apparent magnitude of the 
image is to that in which the object would be seen by | 
the naked eye, in the ratio of the focal distance of 
the object-glass to that of the eye-glass, precii>ely ai , 
in the case of the astronomical telescope*, 

881* The space which the telescope permits the 
eye to embrace is called the Jie.ld of the telescope, 
In the astronomical telescope the extent of the field 
depends on the size of the eye-glasSj but in Galileo'i i 
it is governed by the width of the pupil; because tbe 
pencils of light, sb\ ta% which isue from the eye-glass, 
and which include between them all the others that 
are transmitted from the object, as they go on to 
separate, pass near the edges of the pupil 5 while in 
the astronomical telescope the pencils proceeding 
from the borders of the eye-glass in converging direc- 
tions, go on afterwards to intei-aect ia the pupil: 
further, the telescope of Galileo has less field, whicli 
renders it less commodious i& use, 

882. We remedy the reversed appearance of objecti 
seen with the astronomical telescope, by adding two 
other glasses so disposed that the foci of tbe neigb- 
bouring glasses always coincide in a common point. 
These also have the name of eye-glasses^ like tb^t 
which is next to the eye. We may easily judge of 
the effects of this telescope by a slight inspection of 
Jigure 154* Tbe rays c 6, da^ 8tc, which form ihe 
image ab behind -the object-glass gA, after haviug 
penetrated the second glass, i/,. cross at the commc^B 
focus, Cj of that glass, and of the next, ts^ tb^iy pass 
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ibroiigh this third glass, beyond which they form a 
second image, o^ft', ivhich is reversed with respect to 
the preceding one ; and at last the eye-glass i n re- 
ceives them and renders them convergent towards the 
centre, o, of the pupil. 

883. The instruments we have been describing, and 
in general all those known by the name of dioptric 
telescopes, have two striking defects which prevent the 
images from appearing clear and well terminilted. 

The first, which is called aberration of sphericiiy, 
is occasioned by the spherical figure of the glasses, 
which does not permit the rays very near to the axis 
to unite perceptibly in a common point (646). Those 
which are farther off, being more strongly refracted, 
cut the axis on this side of the same point, so- that 
the focus is in reality a space of a certain extent. 
The result is, that the principal image, or that which 
is produced where the greatest number of r^ys unite, 
is as it were dimmed by a multitude of other images 
which render the vision confused. 

884. The simplest way that has yet been discovered 
of remedying this inconvenience is, by diminishing 
the surface of the object-glass. The extent of this 
surface is what is called the aperture of the telescope, 
and is measured by the number of degrees contained 
in the arc that passes through two opposite points 
of the circular border of the same surface, and through 
the point where the axis of the object'-glass meets it. 
By narrowing the aperture, the rays which fall at a 
certain distance from the axis and disturb the vision 
are intercepted. 

885. The defect we have- mentioned was at first 
considered as the only one that rendered telescopes 
imperfect; but that which arises from the different 
refrangibility of differently coloured rays has a still 
morn injurioui efieot on Uie perspicuity of theimoug^^. 

B B ^ 
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To com prehend this thoroughly, let ua reiuark, that 
the surface of a lenticular glass is nothing else than 
an aesetnblage of an infinite nitmber of small planes^ 
of which any two, taken from two opposite sides, 
are conceived to belong to two faces of a pmm, 
provided they are not in positions where the tangents 
are parallel. Now^ jimong the rays of ooe and the 
same pencil which form a focus behind a lens, there 
13 only tlie axis that comeji out parallel to itself. 
All the other rays issue at facets inclined with respect 
to those by which they entered. The result of which 
that a lens causes light to undergo a decomposition 
analogous to that which takes place by the inter- 
mediation of a prism. Let us suppose, for greater 
simplicity, that a parcel of rays meets a lens in 
directions that arc themselves parallel to the axis of 
that leni- The rays, after having repassed into the 
air, will form along the axis a series of fuel, of whicli 
the nearest to tlie lens will be that of the violet rays^ 
which are the most refrangible, and the farthest that 
of the red rays, which have the least lefrangibility; 
tl*c other foci will be situated between these, in the 
order of their refrangibility. The case is^the same with 
a pencil that makes iti incidence in wliateverdirection, 

886* Tlie effect of the decomposition we have stated 
exerts its influence on vision by means of magnify- 
ing glasses an4 common telescopes. The differently 
coloured rays, which form the pencils sent from the 
different points of the object, being separated from one 
another on coming out of the object-glass, generate^ 
behind this glass, an image itn paired by tlie diffusion 
of t tie foci I and the rays which issue from the eye- 
glass convey this image to the eye with all its causei 
of imperfection. The colours produced by the decom- 
posed light are efface 1 towards the middle of the 
image, wheit the laya by their mixture recauipoie 
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wbite; but they become perceptible towards the bor- 
ders, and occasion there those variegated or rainbow- 
like fringes which disfigure the images and prevent 
them from being distinctly terminated. This defect is 
called aberration of refrangibility, 

887 • Newton, whose discoveries on colours caused 
this defect to be known, endeavoured to prove how 
injurious it was to the perfection of catadioptric 
telescopes, particularly if the instruments were to be 
shortened to render them more manageable and 
commodious; and he therefore considered the con- 
struction of such a telescope, that should be of a 
moderate length only, yet give sufficient distinctness 
to the images, as a thing to be despaired qf*. 

Under this persuasion, he turned his thoughts to 
the subject of reflection, and devised a construction 
in which he substituted for the object-glass a metallic 
concave mirror. The instrument which he formed 
from this principle bears the name of the Newtonian 
telescope^ and its^ nature is this : 

888. Let AB (fig. 155) be the image of a distant 
object, produced by means of the concave mirror 
MVN, in such a manner that SMA, T6A, represent 
the extreme rays of the pencil transmitted from the 
point of the object to which the point A of the image 
answers. If we would make this image ; pass im* 
meoiately through an eye-glass, part of it would 6e 
intercepted. Now this inconvenience is remedied, 
by reflecting the image by means of a small plane 
mirror, d e, inclined 45 degrees to the axis, H V, of 
the concave mirror, from which arises a second image, 
abf that becomes the object of vision. The rays 
ar, az, pass through the eye-glass ftn, which, as 
the figure shews, is situated on one side, and^ after 

* NewtODii Ojydce, lib. it pan !• pippos. 7, 
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beiqg refrncted on repassing into the air, in the direc* 
tioti5 ay^ qhf neariy parallel^ proceed towards the 
e^e placed at o, a id cause it to see the image ainpli- 
6ed under the angle qoj. This image is at the 
tame time reversed, iti consequence of the properties 
of the concave mirror we have already explained 
(604), These instrutuenis have been called in gtiieral 
catadiopific /e/c^copef, tmm their uniting the eUects of 
reflection and refraction cQinhined> 

889* In the idea of a telescope thus constructed, 
Newton had been anticipated by James Gregory^ 
mho gave in his Opika Promofa ri description of what 
he had conceived* He employed two curvilinear 
mirrors, one parabolical the other elliptical but 
the difficulty of executing such mirrori, has since 
occasioned mtrrors ^nnply spherical to be substituted 
in their stead : the largest is placed at the bottom of 
the telescope, as iii tliat constructed by Newton; 
the other, which is very small, has iu concave side 
turned towards the first. The image farmed by re-: 
flection gn the large mirror, is received by the small 
one, which reflects it in its turn. Two eye-glasses 
S^re placed belli nd the large mirror, which has a smdl 




fm) NotwitJiitanduig Jamea Gregory is generaily lupposed to }avt. been 
tht fifst who conceived tiie idea of a rc^Qctiiig tele^^upcj ut «i'Kicli he bai 
given the ddiiieaUuii in Uh OpUca Promcta, pubUbhed iu tUe 16^5 * 

jet Newton certainly waa the J3m per»uii who demoEifit ruled both itt 
ImporUnce and lis praciicatiilily. And even ilie huDour of having first 
devj'ied the notion o| thi^i^ edmirabk iustiiiiueiit nju&t be resigned bj 
Grcgoiy to the Je^uiL Eskinardp who di^Unctly described it so earlj ti 
IBXbf in hilt Cen£ur_^ af Optical Probkms. It may slbo Lt reumiked that 
Gregory proposed tlie reflecting lelescojn; merely to remedy the ipberteat 
mmn^ of lefi*n ; but tlie ohjec-t-^ht^sea of tcleicupe^ are too smtdl portiont 
of spheivs to make the deiectSi <^ rising from their figui^j sensible. 

The Cftflikf grain construciion ol the telescope di tiers from the Gregoruo 
only in the torm Hiid position ol Lh« stuaJJ speculum» whkh is L-oiivei iiurte^d 
of being cuncave ; and iij. placed beiore iht^ principal locut oi the grtat €Q^* 
(rave, noi beidnd it^ as in ibe C^fr^onan,— T^r 
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circular aperture in its centre, throagb which the 
image sent from the small mirror passes. The first 
eye-glass produces a new image, from which the rays 
that reach the eye on quitting the second eye-glass 
proceed in parallel directions. 

This telescope represents the objects direct, and is 
therefore better than Newton's for observing terrestrial 
objects; but with respect to clearness it is much inferior 
to it, because the light has an additional glass to pass 
through ; and it is inferior also with regard to the 
perfection of the image, because the second mirror, 
which is concave like the first, adds to the little 
alterations inseparable from the reflection that is 
made on mirrors of this kind. After all, the con* 
struction of catadioptric telescopes requires a multitude 
of delicate precautions, and many attempts must be 
made before we can direct them properly towards the 
objects we wish to observe, 

890. Such was the state of dioptrics, when, in 
1747, Euler, reflecting on the structure of the eye, 
Qanceived an idea that was succeeded by the most 
beneficial consequences in respect to the progress of 
this science. It consisted in this, when we look at 
objects with the unassisted sight, their images are 
not altered by any mixture of foreign colours. Such 
inconvenience only happens when the images pro- 
duced by refraction through a lens, and tinged 
already with prismatic colours, become the immediate 
object of vision. Euler hence concluded that the 
eye Jiad all the properties of an instrument capable of 
making the aberration of refrangibility disappear ; he 
had no doubt that the different humours of this organ 
were so arranged as to occasion no diffusion of foci, 
wd he concluded that by taking it for a model, and 
combining in a certain way media of different 
densities, telescopes might be coastructed, by which 



the images would have the same perfection^ ai wheii^ 
in luuki^ig at objects, no other instruiJieat h used 
than the eye itseli« 

Syi. £iiier, cuoformably to the idea we have stated, 
andeavyured to ascertain the di.aensiotis wliich object- 
glasse^i composed uf glass nnd wai^r o light to have, 
to imitate tlie cumbiiiHtJOQ that aHtturaliy takes place 
witii respect to the eye; but Dollond rejected tlieiie 
dlLitensiuaa, concetviag cueai to be touuUed on a law 
of refraction^ the truth i>f wUicU he doubted*; and 
he eudcavuured to empioy a titffereat principle, but 
{or ISO lie time without success, Tne dispute was 
earned oa with warmth on both sides^ Euler screou- 
ously ma sted on the poi^sibiiuy of deiicruying ihe 
diffusing of tne focus in tne lAuy he had pointed out; 
^nd Dollond equally aftirioed that it ^ as impracticable, 
repel iing every argumeut that wa4 brought against 
him With tbe name and authority of Newton, 

ey^3> V\'hat rendered this celebrated artist so firm 
ia hia opinion, was tiie res^uit of an experiment of 
Newton, which we have already mentianed (817)i 
and respecting which he could not suppose a philoso^ 
pher, who had been accustomed to mierrogate JSature 
so closely, to !*e mistaken, 

Newton having caused a [encil of Hght to pass 
through two contiguous media of dirtcreiit densities, 
yiz. giass and water, remanded, he thought, that 
when the two surfaces, of which one received ihe 
incident rays, and the other gave issue to the emergent 
rays^ were so disposed that the Jight was restored to 
its due progress by contrary refractions^ so that tbe 
emergent rays becajne parallel to the incident rays, 
it always came out white. On the contrary, if the 
emergent rays were inclined to the incident rays, the 

* Smith's Trf:ati» ou Oj^ti^i p> 384, oote 6€|. 
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wiuteness of the light, in proportion as it removed from 
the point of emergence, became coloured towards its 
extremities *• 

893. ^iow observe the consequence that followed 
from this result, which Kewton extended by ana* 
logy to every kind of medium. The object-glasses 
which are employed in the construction of telescopes 
only produce the images vvhich become the objects 
of vision (873) to an eye placed behind the eye-glass, 
so ^ar as refraction through these object-glasses re- 
moves the emergent rays, relative to each pencil of 
light, from their parallelism with the incident rays* 
Therefore, since where this parallelism ceases to take 
place we cannot prevent the colours contained in the 
light from separating, even when we attempt to com- 
bine substances differently refringent, it is impossible 
to remncile the destruction of the rainbow-coloured 
iHoges which border the images, with the tendency 
of refraction to produce these same images. This 
consequence will appear still more evident from some 
new details into which we shall presently enter. 

The persuasion that Newton had made his experi« 
'ments with his usual acuracy, and the researches of 
Clairault, who, having examined the law proposed 
by Euler, found that it would not stand the test of 
calculation, led to the belief that Newton had fixed the 
bounds which science and art were unable to overleap. 

894. Nevertheless, in 1755, Klingenstiem, mathe- 
tical professor at Upsal, sent a paper to DoUond, in 
whid), though he confined himself in his arguments 
to metaphysics and geometry, be combated the ex-» 
periment so forcibly, that DoUond could not help 
doubting its truth. At length he ventured to repeat 
it, and found it to be false. He joined two glass 

* Optics J^ncis, i» pan t» nperini. 



578 



plates by two of their edges, m sucb manner that he 
could vary the angle which they formed at pleas u re ^ 
aad then filled the intermediate spi>te with water. In 
this water he immersed a glass prisnij with its angle 
upwards, that is, in a contrary sense to the angle 
formed by the tito plates of glass. Afterwards he 
inclined these plates in different degrees, till the 
objects seen throagh this double priam were appa- 
rently at the same height as m simple vision. He 
was then sure that the refractions destroyed one 
aaother^ thai is^ that the emergent rays were parallel 
to the incident rays. Now the images in this case 
were tinged with the colours of the rain bo w\ Theii 
if the glass plates were moved anew to a cerlaia 
degree of inclinntion, the iris would disappearj but 
the objects were no longer at the same height as 
when they were seen directly \ and thus the aberration 
of refrangibility w^as destroyed, wliile the refractions 
did not correct one another*. 

This experiment decided the question. Substances 
were sought after whose combination w*as calculated 
to destroy tlie diiTusion of foci, by permitting the 
greatest possible quantity of refraction to subsist. 
Geometriciaaa of celebrity studied to ascertain the 
hest curves for object-glasses composed of di*ierent 
media ; and to their combiucd researches we owe 
the const ruction of achromatic telescopes, that is to 
«ayj of those which represent the images terminated 
distinctly, without any fringe of borrowed colours. 
We shall explain as clearly as we can the principle* 
on which this construction is founded. 

895* We have seen that Newton ascertained 

directly the difference between the sines of refraction 
qi the differently coloured rays which compose light^ 

• Smilh^ Treatise on Opfic^^p. 363, iwt^a 656 ^ 
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in the instance of its passing from glass into air, and 
found that the law q( this diffemicc was the same 
as that wliich represents the seven notes of our 
ninsicsil scale, in the minor mood. Let us suppose 
a prism ta be used of a ditierent substance from glass^ 
and much denser, for example. If the circumstancei 
are the same, that is to say^ if the two refringent 
angles are equal, and the incident rays equally inclined 
to the refringent surfaces, these rays will be inflected 
in general under larger angles in the second prism ^ 
whence it foiluws^ that the beam will be dilated 
in a greater degree on coming out of that prism. 
Let us further suppose tlie partial refractions to follow 
one and the same law with respect to ail kinds of 
substances^ that is, the law represented by the musica! 
scale. If we take for the term of comparison the 
refraction of the ray that occupies the middle of the 
«olar spectrum, and consider it as the axis of the 
dilated beam, it is evident that the total quantity of 
dilatation will follow, for the different substances, the 
same proportion as the refraction of the ray in que&* 
tion ; so that if the refraction of tiiat ray be one-third 
greater in the second prism, the beam that comes 
out of it will be proportionably dilated in a wider 
angle. The refraction of the ray in this case that 
occupies the middle of the spectrum, is denominRted 
the mitiH refractiort^ and the quantity of dilatation, 
or excess of refraction of the violent raj over the red 
ray J is called dhpenion. 

In the same hypothesis, where the mean refraction 
shall be proportional to the dispersion, we can never 
annihilate the eiFect of the dispersion by the use of seve- 
ral media, without destroying the etfect of the mean 
refraction at the same time: for the compensation 
that would take place with regard to the axis of the 
beam would equally extend to ail the other rays^ 
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that should come out in like manner parallel to thtfir 
first directiotiij* Such was the consequence to which 
Newton's experiment led^ and which he himself de- 
rived from iU 

This however is not the case ; for the law which 
the refractions of the difl'erently cobured rays ob* 
^erve varies according to the different nature of 
the media, or, which amounts to the same things 
the dispersion is not proportional, in the different 
media^ to the mean refraction ; so thut it may happen, 
for example, that a medium which should have a 
mean refraction a little stronger oniy than that of 
another medium, might occasion to the niys of light 
a much greater degree of dispersion* 

89^x This heing premised, let us conceive in the 
first place two equal and similar prisms of the same 
matter so applied to each other that their refringent 
angles are turned contrivry ways. Let acb, cb^, (tig* 
136Xbe sections of the two prisms in a direction perpen- 
dicular to the axis; c and b will be the retVingent 
angles. Now, in this case, it is evident that a beam 
of light, rfr, which meets the surface, cff, under any 
degree of obUquiiy, after being dilated in passing 
throngh the two prismsj will come out in such 
manner that the different emergent rays ks^ rg, t y, 
vnW be parallel to the incident ray de^ since by is 
itself parallel to c a* 

Let us next imagine that the prism c&y, heing of 
a different nature from the prism acbt has a mean 
refraction only a httlc stronger, and that at the same 
time the dispersion which it occasions to the rays i& 
much greater in proportion: the axis, rq, of the 
emergent pencil will be no longer directed by the 
mean refraction parallel to dcy and of consequence 
the image of the point d will be a little displaced. 
Moreover, the extreme rays, ksj tu^ will diverge by 
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It much greater quantity than that which measures 
the deviation of the image from the point d. If we 
then vary the angle c by as far as the point where the 
image would be restored to its place, and where in 
consequence the effect of the mean refraction would 
be destroyed, it is evident that the dispersion will be 
still very perceptible. Lastly, if we continue to vary 
the same angle till the effect of the dispersion shall be 
destroyed in its turn, the mean refraction will rei^pear, 
&nd the image of the point i will be displaced anew: 
that is to say, on the one hand the light will be re- 
composed, and on the other the emergent rays will 
depart from their state of parallelism with the incident 
rays. 

• 897- Let us now call to mind the two principles 
already established : a lenticular glass is nothing else 
than an assemblage of small portions of prisms, the 
fiices of which are confounded with that of the glass 
in places at which one and the same ray enters and 
Gomes out (885) ; and when the same glass receives, 
on one of its faces, rays transmitted from different 
points of an object, it produces an image of that 
object on the side of the opposite face solely in con« 
sequence of this, that the emergent rays are inclined 
with respect to the incident rays (893). We see then 
how it is possible to form an object*gIass, by com- 
bining media of different densities, in such manner 
that the light shall issue from this glass witliout any 
dispersion, while the effect of refraction to produce 
the image of which we have spoken shall still subsist. 

By means of this combination, the rays of each of 
the pencils of light that have passed through the 
object-glass direct themselves so as sensibly to meet 
in one and the same point of the axis of the pencil, 
and form there a joint focus, by the union of all the se^ 
parate foci. Strictly speaking, there are none but the 





red rajs and violet raja whose foci exactly coincide) 
but the small aberrations ibatejcist m the intermediate 
rays are in a manner concealed by the perfect coin- 
cidence of the extremes, 

898. The. two substances of which the object-glass 
of achromatic teiescopes are formed, are Jiint gkm^ 
which is a kind of glass that contains about a third 
of mitiium or red oxyd of lead, and crown gtamf 
which is of the same nature as the glass commonly 
employed by glaziers. The dispersion produced by 
flint glass has been found to be much greater than 
that arising from crov^n glass, nearly in the proportion 
of three to two, while its mean refraction very little sur- 
passes that of the other *- In a great number ofachro* 
matic telescopes the object-glass is formed simply of two 
glasses, one convex on one side and concave on the 
other, which is of flint glass^ the other bi-convex, which 
is of crown glass, and has one of its convex sides fitted 
to the concave side of the first. Other telescope* 
have their object-glass composed of a bi-concave of 
flint glass placed between two bi-convex glasses of 
crown glass. The last of these are the most perfect (nj. 




* AMardmg to the eipt^dmenU of CUlfBulCr the proporticm of rafniction 
for Uie meau T^y is in fiiiil gJ«.^ that oi ;-6 to 1« and m common glass tihat ' 
of 1-55 IQ 1, Sdiith'i Optics* p. 447. 

f M ) Althouf^h forelgiieri in grnermt urge their dtlnis to the inventjoa 
«f the ichrc^matic telescope, ^'et there i& the most unqut^jtiouabtf evidence 
that such instrument wAi fint inrentcd «nd constructed ahout the year 
iFSa by Mr. John PoUond. The tcria achrwnmtic, hy which ihey are now 
dintingtilitiedr vras firjt j^iven to theiu by the (ate Dr. Bevi* : tbougb 
Lubodei in the 3d fwlame of Mootucla*^ History of Mai hemati cs, pi. 
44r» >myi» Le mot afhr^matique rieot dy mot Grec chroma^ couletUt «t 
de I'a printif de la mime luigue. M, L&lbnde mui ittt k 

[irejiiier auteur de oe^te beu reuse den!>m!nat]OD.*' 

I'hc tubjpcl of achromatic tclescopesj howerer interesting and cuiious, 
Catiriot be i ally treated in the space devoted to it in thi» Treatise. Thoar, 
thtfrcforei who wish to acquaint ihemiehes thoroughly witU the tiature 
mad Iheorj of thii imponuil impiroTemeat, may coui^t tb« papen If 
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699* The construction we have been deBcribing 
corrects only the aberration of refrangfbility with 
respeet to the object-glass, that which proceeds from 
the eye-glass still subsisting ; but as the short course 
which the rays that come from this glass have to 
traverse to reach the eye, permits them to undergo 
a very slight separation, the aberration that results from 
it is deemed of so little importance that it may be 
wholly ileglected: the object-glass has effected the 
essential point ; the rest is of a nature to be tolerated 
by the eyy. 

000. Having thus treated of instruments which 
enable the eye to surmount immense distances, we 
proceed to those which give magnitude to atoms. The 
microsope with two glasses has considerable analogy 
to the astronomical telescope (d79)* The object-glass, 
g.h (fig. 157), is very small and very convex ; the object^ 
a bf is placed a little beyond the focus of this glass, 
whence it fallows that the rays of each of the pencils 
that pass from a to a* and from b to bf^ which rays 
would come out parallel if the object were, exactly in 
the. focusi are but little inclined to one another ; so 
that they form a reversed image, a'b'j of the object, 
at a connderable distance from ihe object-glass, and 
which consequently is already of much greater extent 
than the object. .The eye-glass An is so situated 

tkUfnd, Matkelyne, Klingerutiernf and othen, in the PhUosoph. Trantae. 
ToL 50, et se<|. Euler, in hu IHopinci, and iu Cmnment. Nov, Acad, 
FetropoL iom, 18; ClairauH^ in Mem. de I'Aead. Paris, 1756, 1757, 
aad 1769 ; D*Alefnhert, in MAn. de I' Acad. Pari$, 1764 ; BotcmdcK in the 
lit vol. of his Opera pertmeutia ad Optican, &c. ; Blair, va the 3d voIuum 
of Xht^Edmbwrgh Trantac. ; Rochon, in Journal ie Physique, year 9 ; or 
kebisoti, in the artide Telescope, Encyelop. Britan. Such as have not 
opportunities of referring to these voluminous works* may advaatageoualy 
ODosult Mr. Brewtter^s addkums to Ferguson*s LecUffres, vol ii, pa. 423— 451» 
where there are some very useful ta|>le8 and forms deduced from tktt 
investigations of Euler, Boscovich, and Robison. — ^Tr. 
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that its (ocm conctirs nearly with the middle, of 
the image a'i', and thus the rays lo^ sy^ on the one part, 
and ly, ro, on the other, being very little divergent, 
and, besides^ the two pencils to whicli these two rays 
belong acquiring on the contrary a considerable degree 
of convergence, the eye placed at o will set; the 
object at a" 6'' very much enlarged, for two distinct 
reasons. 

For the image a* b^^ if observed with the naked eye, 
wotild already appear sensibly larger thati the object 
a Now that image becomes in its turn tUe object 
which the eye perceives through the eye-glass ; and as 
this glass performs here the office of a powerful lens, 
the angle, ro/, in which the eye wiil see this same 
object distinctly in a" fr^, wii! be much greater than 
thnt under which it would see it with the same clear- 
nesf without any intermediate aid. Therefore the 
magnitude of the image, being the result of two 
cAtCIs t^mbinedi of iihich one tends of itself Teiy 
perceptibly to enlarge its ditnetisions, will increase 
m tt very eonsidembic proportion. There are micro- 
icopcs also with three glasses, to which the preceding 
Upknation may easiiy be applied* 

These admirable instroment^ furnish as, if we may 
S41 express our^eive*, with a double universe* They 
mab!e u^i to see» in almost imperceptible drops of 
ftifferent liquids anitnals that were before unknown 
tu us. In the orgautsation of plants they unveil many 
mviieries; toeorpuscKt that were seeiningly without 
(brin, they give a regular figure; the dust which 
composes the seed of the inaiiows they convert into 
glubuLes surrounded with projecting points; that 
which is conTeyed from the stamina to the pistils 
of divers flowery asaamesiii like manner a symmeirical 
Rmn* that is invariably different in ever}* different 
ipecie^ \ UiQ taaibst paru of insects exhibit an assem* 
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blage of members adapted to one; another with an 
art of which ours is but a coarse imitation ; and what 
the eye thus sees a second time is as new to it as that 
which it has not yet seen. 

Brief Description of some particular Diop^ 
trical Instruments. 

The instrnments we purpose to describe under this 
head are intended to represent images seen immedi- 
ately on plane surfaces properly situated to receive 
them. 

901. If in the window shutter of a chamber that 
is perfectly closed on all sides, a hole be mcide, about 
£7 millimetres, or an inch, in diameter, the light that 
caters at this orifice will delineate on the opposite 
wall the images of exterior objects, the traits of 
which are mere sketches, resembling slight shadows^ 
The observation of this fact gave rise to tiie optical 
instrument known by the name of camera obscurOf 
or dark chamber. Instead of leaving the opening, at 
which the light enters, free, a lenticular glass is 
applied to it, which causes the different pencils tiiat 
flow from the exterior objects to form so many foci 
behind' the glass, and at a distance from these fooi a 
sheet of white paper is placed, on which the images 
are distinctly exhibited and invested with their natural 
colours. But these images are inverted, because the 
pencils intersect one another in passing through the 
lens. This is remedied by observing them rejected 
in a mirror situated horizontally or nearly so. If 
the camera obscura be in a frequented place we shall 
have a moving picture, in which all the objects will 
appear natural, or rather, wt shall see. a succession of 
scenes pleasantly varied. 



90^ There U « portable camera obicura m ihe fona 
of a kiad of square box, oi*e of th« kitemi faces of 
vliich has a tuUe furnished with its Iciii. The iuiagai 
formed within are received by an inclined plaM 
mirror, which reflects them to the top of die box, 
ithere ihey become visible on a glass, which has the 
outward surface roughened or unpolishe<}, and &erf« 
as a lid to the box. To a spectator whose face is 
turoed towards the objects these images are erect. 
This tnstrutiietit has been constructed in different 
ways : ic lia& been made in the form of a small pyraoii* 
M cahinet^ jq ihe upper part of which is the mi^e 
with its lens, which^ in this lasCj has an borizoota] 
{H^sition. The tuirror is placed above, and always in 
an incUoed position, which, to be as advantageous as 
possible, should form with the hori2on an angle 
4o degrees. Here it is the mirror which receive 
layi that flow immediaiely from the ohjectfli^ 
sends thein to the lensj whereas in the prec^dii 
construction, the rays go from the lens to the mirroi; 
The images are depicted on a sheet of white p; 
placed horizoatalJy at the bottom of the cauii 
obscura; and are aeen by means of a large aperture ii 
one of the lateral ftiees, which is commonly otm 
mented witli two small curtains, that the obsacver by 
having his head covered, may look through withour 
suffering the light to puss. 

If a second hole be made in ihe same part^ hrs^ 
enough to admit the right arm, the camera obscur* 
may be used for drawing landscapes or bnildings^ hj 
tracing the pencil over the oatJines of the imagei 
seen by ibe eye (0), 
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t*) Mr. Brt«il«r, who hu pud • long tnd suecenjfut Attcatlen 
mi UdiiUsctUcu tu U;e vumtrm ohtcuttf mnj U riEiuoved^ mud 
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^05. The magic-lantern, invemcd by Kircher, 
the daitte of which is become in a manner trite, by 

tendered very brilUant artd beautiful, by receiving it on a »ilvcred glass, 
ml tbe dlveted back of a lookiag-gtass ) the small eminences on the surface 
ib silvered being removed by grinding it carefully with a bed of hones. 
This gentleman has likewise, in his second edition of FerguwiCt Leituret, 
described an ingenious portable camera obscura, invented by Mr. Tliomsoh 
bf Duddingstonv and which is so contrived that it may be put together 
Und carried like an umbrella. 

Tbe cdebrdtcd mechanic and philosopher, Dr. Heoke, had a contrivance 
hj which he could exhibit the iiuages of external objects in a light room, 
equally vivid and distinct with their images received in a dark room. 
This contrivance is mentioue«l, but not described, in Birch.*i History of thf 
Royoi Society : nor have we been able to meet with a description of it in 
tny other work. 

Dr. W. H. Wollaston has very recently invented a portable instrument 
AfT dAwirig in perj(>eclive, to which he hus given the name of camerd 
tueida': the following description of it was given in N^. 8, of the Ketrospcd 
if PhiiMophical, ^-c DiUovcries. 

In this iu'struiuent two plane reflectors are fixed at such angles with 
ftf^tid to each other, tiiat the objects intended to be delineated are seeil 
lifidF reflection from the second mirror, as though they were on the same 
fHfttte as that whereon the paper is placed which is to contain the drawing. 
- These plane reilcctors may be either common mirrors with a silver coaling 
mt the back of each, or two contiguous faces of a glass prism, in which 
latter case the image will be produced by what is called prismatic reflection. 
In either case the most convenient position, iu which tlic reflecting surfaces 
can be arranged, will ix? sucli as will cause the rays proceeding directlj 
from the object and falling as incident rays upon the first surlace, after 
leBection from thence to the second, to emerge trom that second reflecting 
.surface iii angles of 90 degrees with the direction of the original incident 
rays i for in tliese circumstances vertical objects may be projected upen 
. a horizontal plane^ and the instrument will be adapted to drawing upon 
a hurixontal surface. Now, if two plane mirrors are used, the incident 
rays upon the first will make right-angles v ith the emergent rays from the 
Seeond, when those mirrors are fixed so as to make angles of either 46 or 
XH5 degrees with eacli other. In this case the mirror which first receives 
the rays from the object may be entirely slivered at its back ; but the 
second mirror is only to have a suflicient portion silvered to reflect the 
image of the proposed object to tine eye ; and thus to allow the paper, 
on which the drawing is to be made, to be seen either through an opening 
of the silvering or past the edges of the same, by one [>ortion of the eye, 
trlule the doable reflected object is seen in the silvering by the other 
^rtioD of the saae eye. When prismatic reflection is employed, tlic 
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the use that is made of this instrument to exhibit to 
the curiosity of the vulgar an appearance of necro* 

^x'vua must not be triangular as osoaUy coofltincted, bat quadrangsln^ 
and the two refl(*cting suriaces (to produce an angle of 90 degrees betveea 
the first incident and second emergent rays) most make an anj^e of ISS 
degrees, while the opposite angle must be one of 90 degrees, and tht 
other two angles may be either respectively equal or unequal at pleasaie: 
then one of the faces which make right-angles with cacli other is to be 
turned towards the object or objects to be delineated, and the rays after 
passing through that surface and rrflectiun from the two next faceib mil 
emerge from the fourth under the proposed angle. 

The mirrors or other reflecting surfaces are mounted in a proper £niie» 
and supported at a suitable distance from the paper intended to noast 
the drawing : and, when necessary, either a double concave or a double 
conrei glass may be fixed in the frame and properly adjusted, to produre 
distinct vision when the apparatus is used by short-sighted or long-sighted 
persons respectively. These concave or co:ivez glasses may conveniciitij 
be ma^e of It inches focal length ; the instrument must then be supported 
at the distance of 19 inches from the paper ; a distance which is oonvemest 
enough in other respects. 

Dr. WoUaston has himself published a description of this instfom^ti 
in Nicholton'$ Phibiophical Journal, and TUlocK't Philpsophical M^tdtei 
vherc he likewise institutes a comparison between the camera obscun sod 
the camera lucida. 

The objections to the camera obscura are : 

1st. That it is too lar^ to be carried about with convenience. 

The camrra lucida is as small and portable as can be wished. 
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vnancy, is worthy the attention of those who know 
it to have do magical property. It consists of a tin or 
vroodeu box, with a lamp or large lighted candle in the 
middle of the bottom part. The rays thrown out by 
the flame are received by a lens, which collects them 
(uid makes them fall closer on a small plane glass, 
on which the different figures are drawn. The effect 
of this first lens is simply to throw light on the 
figures, which must be in an inverted position. 
Sometimes, instead of the lens, a concave mirror placed 
behind the light is used, and in some instruments ' 
the effects of the lens and mirror are combined, 
before the plane glass is a second lens, in passing 
through which the pencils of light that flow from the 
different points of the figure intersect, while the 
refraction at the same time causes the rays of which 
each pencil is the assemblage to come out parallel. 
These rays then pass through a circular aperture 
made in a piece oF paper properly situated, and fall 
on a third lens, which may be moved farther from 
or brought nearer to the second lens at pleasure, 
by a moveable tube to the end of which it is fixed. 

The rays which have passed through this third lens 
produce on the opposite wall, or on a sheet placed 
against the wall, an enlarged copy of the figures 
traced on the plane glass; and it is manifest that 
this copy represents the objects erect, because the 
pencils of light cross one another in the second lens^. 
Two circumstances contribute to render the colour^ 
of the images that are exhibited to the view of the 
flpei*tator more vivid, videlicet, the strength of the 
light to which the plane glass is exposed, and the 
luminous circle formed by the emergent rays on th^ 

(p ) Philosophers, hy niodUying the cvnstroction and opcratloo of the 
■Hi^c-liintern^ have ^rausiortned it into an iii^tniuient capable of prodQcing 
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904. The lolar microscope in reality iitkxs ftM| 
tbe magic-lantern in this only, that it is enlightened 
by a solar ray admitted into a dark room tbrougfa 
plane mirror that reflects it horizontally. The rays 
jMss through a lens fitted to the hole in the windovT 
shutter. To the bright light which comes from this 
lens a small white glass called the cariier (portend) 

a nrach more imposing effect, to which thej hare gtven t\k^ name of 
Phmmtamu^ima. Here the mechanism of the operation is concealed fim 
tke specuton, who have only before their eyei a akreea ot gaoK or 
gummed muslin posited vertically, which serves as the gruund of a ptcMp 
where the images are depicted by reason of the transparency. Xhc apsit-. 
nent is deprived of all light except that which proceeds froin aa apparatn 
hid behind tlie tkreen. At the moment when the opemtioa coiumeoccS) 
H spectre appears (as of a skeletoti, the head of a celebrated person^ Ac.) 

first extremely small, but which afterwan^s increases rapidly. ^o4 ^ 
teems to advance at a great rate towards the spectators : aud wbo^ 
scene passes belore them in a room r^resenting a cave hung with bhd^ 
• solemn silence being occasionally interrupted by moomfui sounds fnm 
an appropriate mufical instrument, it is not easy for an obserrer t». 
defend himself from the impression of terror, at the sight of an object 19 
itself formed to produce the illuuon, and which finds in the ima^oatioo 
a place already prepared lor the reception of phantoms. 

The instrument placed behind the gauxe skreen is in fiiot a pecofitf 
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IB presented, and on this glass small insects, the 
farina of a butterfly, or other transparent corpuscleii 
Mre placed. 

A second lens, intended to produce the image, is 
lined on the side of the carrier with a thin plate 
of lead, that has a pin-hole in the middle. It it 
through this aperture that the streams of light from 
the different points of the object pass as they cross 
one another; and the advantage that results from 
die construction is this : 

It ii manifest that we may augment or diminish the dimensions of iht 
tmagety and consequently make the spectre appear more or less near to 
the ipectator, by separating farther, or by bringing nearer together, th^ 
two lenses ; but then the ibcus of the diverging rays which proceed fioBi 
the same point of the transparent body will be no longer upon the skreen: 
we must therefore cause the machine so to recede or approach that th« 
two motions being duly combined the image may be distinctly formed. 

These pliantasmagoria arc fumisthed with a great number of trans* 
psrencies, in each of which several changes may be made by slackening 
their sprui^: thus we may change at every instant, the form, the 
magnitude, and the distance of the spectres, as they appear to the 
apcMrtator. 

What has been said hitherto relates ouly to the images of transparent 
Uglircs. To obtain those of opaque bodies, first place the gauze and box, 
at the distance of about six feet one from the other, and adapt to the 
•rifice of the box an apparatus of two tubes furnished with two bi-conves 
lenses : an opaque body , such, for example, as a medal, or a (Mcture, li 
attached to a little support posited ui the middle of the box ; the lamp 
fmd its supply of air situated in one of the loremost comers of the box, 
iliuniinates that object, and the reflected rays crossing the lenses proceed 
fiU they trace the image ujx>b the gauze, with an a^ipiification whiuh is in 
flie ratio of the distances. 

%k' \bit image be not distinot, we must infer that it is Qot at the focus; 
InH it inay be adjust^ in thiee did'erent ways : 1. By moving the box to 
•r ficQt^ the gauze ; 2* By moving the object ntarer to, or farther tron^ 
the lenses within the box ; S By slowly moving the tubes to cause ik 
^Uriation in the distance between the lenses. 

We have not been able to ascertain the first inveator of this apparatus 
|k was £nt exliibited in London by M. Fwi de PhiU^tthaU who took out 
^ patent in 180i ; the specification ot which is published in N^* 9^, 
Ik fixst JCnes of the Repertory of' ArU ani llanv^aclurw.— T«. 
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The streams ef light we are speaking of, approach 
nearly to simple rays or infinitely thin cylinders of 
light, by which they are adapted to give clear and 
distinct impressions on a plane placed at any distance; 
and though the smailness of the aperture permits but 
little light to passy yet, as this light is strong, the 
ima^^es it produces have always considerable brightness 
and vivacity. 

The plane which receives these images may be 
removed to the distance of three or four metres 
(10 or 12 feet), which enlarges their dimensions so 
prodigiously as to change the smallest insect into a 
frightr'ul colossus. At a medium distaace, however, 
the images have more distinctness aad are better 
defined. 

906. We have thus gone over one of the most 
fruitful branches of natural philosophy, and the ooe 
perhaps which it is most ditticult to treat. The fluid 
and the organ contribute equally to render the subject 
complicated. The first, intinitely diversified in its 
nature, is modified also in a thousand ways by the 
variety of its motions. No phenomena exhibit more 




Concluding Reflections. 



S9S 



their applications, anJ how wide is the difference 
between whra the prj^ress of the rays traced by 
geometry represents, and the sensation occasioned by 
the image which the rays themselves delineate on the 
hot torn of the eye ! 

' The theorj- of light is far from exhausted : for many 
^nescions C(Kinected with vision have not yet been 
^mpletely resolved. There exist certain phenomena, 
as tbose which relate to electricity, to pliosphoresc- 
ence, &c. in wiiich the induence of the luminous 
flaid has not, as yet, been exp^aint^d : none have yet 
ascertained how far thev mav extend the anaio:'V of 
that fluid and caloric: the problem of the double 
refraction, on which we have notliing hitherto but 
mere essays, \iaitd for its perfect solution from a hand 
able to vanquish the great dirticulties which it pre- 
sents: and the properties which some very recent 
researches appear to have indicated relatively to the 
diirersity of colours in the solar spectrum, require 
that this region of n.iture shvjuld be interrogated ancir 
by experiments made with an extreme precision. 

In short, if we consider the multitude of results 
to which geometricians, philosophers, and chemists, 
have been led by tiic study of liglit, and add to the 
remembrance of what has been already done the ex- 
pectation of what may be done hereafter, we shall 
acknowledge that no subject atfords more extensive 
or more interesting observations, than the fluid that 
acts on the organ by which we are enabled to survej 
the whole compass of nature. 
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T^c Roman figures refer to the p^ges of the Introduction, and 
%he Arabic figures to the parfigraphs of the Work, 



JLbERRATION Qf refrangibUity, 
cause of, 886. Simple mode of 
xemedyiog Uf 887. §ce TcUtcopc, 
achromatic. 

Al^erratifm oi a|^hericit^, cause of, 
883. Newtou's opinion of the im- 
possibility of destroying it, 884. 

Aberration of the stars, an optical 
illusion, explained, 780, TS'2. 

Aberration, an^plitu4e of, explained, 
8-^7. 

4(:celeration of motion produced by 
gravity, 46 ieq. 

Jiction at a distance, meaning of, ii^ 
V electricity, 414. 

A^l^ole, explanation of the vessel* sq 
called, 336. 

J^fflnity, iA chemistry, meaning of 

the terra, 51, 55, 66-2. 
'Air, proof of its i mi penetrability, 12. 
Wi|s long considered as one of tlie 
four elements, 172. Services it 
renders us, 1^43. Of wiiat conv 
ppscd, 344 4* seq. Its specific 
gravity, 248. Its pressure di$co- 
wed as the cause oi the usccnt of 
«»ter in pumps, 249 4* ^^9' 
gree of its pressure on the body of 
^ ouddle-si^cd mao, 250. Incoiir 
▼enience of a sudden diminution of 
!tp pressure, ibid. Experiments 

. proving its elasticity, 254 <j(ieq^ 
ll^tio in which it contracts itself 
iiyhca pressed, 256. Ktl'ccts of 
pi^esswre 6q, 257 ^ Manner 
in which the pressure oi tlvis il^id 
fpKHibioes ydih its elasUcity m 
pumps, 261 4 '^9* l''i}'<?ctjs cU the 
i^iecsding comivn^tloQ* 267. Ik- 

. f ^e«aeft in flensUy accotdiog \9 
i^leviCtioDjp $(69 2( ST^a FQr«« ,of 



caloric to dilate and increase hi 
elasticity, 278 ^ teq. Caloric, tb« 
cause of double currents oi', iii 
rooms with iire-places, 27^. J^ast 
wind explained in the same vay» 
280. Ratio of its increasing ebi^ 
ticity between two fixed tempera- 
tures, 28'2 6l 287. Similar ratio 
observeable with several kinds of 
gas, 288. Attempts to ascertain 
its elevation, 333. Considered as 
tlie vcliide of sound. Sec ^iound, 

Air-ballooM, or art of, travelling in 
the air, means devbed by tlie 
ancient philusoplu^rs respecting, 
335. Plan of Montgolfier, 33^. 
Contrivances of other aeronauts, 
337. Use of balloons may be sei^- 
viceable to the progress of the 
sciences, 338. 

Air-bladder, in fish, its use, 68. 

Air-pump described, 246. 

Alcohol, impenetrability not the cause 
of its increase when mixed with 
lyater, 12. Inconvenience of using 
it in tliermomctccs, 164. Rises 
less than water in capillary tubes, 
185. Set on fire by an electric 
spark, 421. 

Alloy, in the precious metals, mode- 
rates their ductility, 41. Increase* 
their density, ibid. Thut in the 
crown of Hiero of Syracuse, how 
discovered, 57 & 60. 

Amber, yellow, or clectnun, 377 note. 

AmplHude of aberration. See Aber- 
ixition. 

A^i^le of incidence of a ray of li^t', 
in refl^ctioni 629; in reiraction^ 
610. 

4>^^« of reflection, 629. 
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Jnglf of rffraction« MO. 
Atigie, retriiij^cut, oi m ^)risir, 673. 
AngiC, vj»uiil, how lurmecJ, 7ul. 
JttoiMiie* ill tiic ek'ctiiMliua ol' ccr- 

Uiii liodies, 390. 
Jpctture oi % ulescopr, 884. 
Jpparutug loT elcclrical cxjieriments 

by heat, 451. 
Jpparatui termed m couronne de tat' 

wa, 494. 

Arc, animal » and excitatory. See 

hUctricity, galvanic. 
Are, unit ot Miperiicial measure*, 75. 
ArtomeUVt diii'erent kinds o\\ 62 4* 

uq. 

Art ol flving, not given lo man, 334. 

Atwiotphert. Set* A It.. Its prtisurc, 
&c. i;50. t?6'», 333. 

^Ctnictioii, gravity often »o called, 
50. Its o{)cratiou at Muail dis- 
tances compared with gra\ily, 51 

Attraetlim and repulsion, tliose seem- 
ingly exhibiteJ by snmll bodies 

- floating near one another on tiie 
rartacc of water explained, J 99, 
501 ^ teq. Litent ol the operation 
of these principles in nntuie, 662. 
In what they dirter *niiu the oc- 
cult qualities of the ancients, ibid. 

AttructKms and repuUion^, electrical. 
See Ktectricity. 

Attr ci:Pi:s and repulsions, ruagnetic 
See Magnet' xm. 

Aurora borenlis, description of, 627. 
Oj)iiiion5 resjK-ciing eiiu.«»», 6 8. 



that may be derived firora, intop*- 
fraph\, i77. The variations of, 
do nut exactly accord niih the va* 
riouA pressure of the atmosphere^ 

HiiUerut electrical, effects of, witk 
theii explanation, 4H6 6l 4or. 

Belli vibration of* h hen, struck, es> 
plained, .'544. 

BellSt electrical, effects of, explained 
409. 

Bird$f flight of, explained, 534. 
Bismuth, after being melted imdergoei 

cystallisation, ^28. 
Bh:ch\ name given to bodies that ab- 

soib the light that readies them, 

713. 

Bornte of Magnesia. See Magnetku 

Braff, density ot, 6c c. 12. 

Breath of animal*, why TisiUe in 

told weather, bOo. 
Bugle-horn, cause or the diffi^rence of 

tone in this instrunieut, 368. 
Burning-giaUt its effects, 867. 

c. 

Caloi'ir, 11?. Two opinions of ill 
nature, 113. Its equilibrium, 115 
4' se^. Its tendency to produce a 
chai'ge of state in bodies, 159 
4* *«?.7. Degrees in which different 
bodies kre dilated by its action, 
^5J. Mode of ascertah>ing thost 
det;rees, 153. Eliects ot; on Air. 
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^lotht, change* occasioned in the 
iensth of their pcu<luluuis by the 
Tanations of temperature, how re- 
medied, 168. 

t^ldf consist*, in the privation of 
heat, 131. Experiment exiiibiiing 
« false appearance ut redacted cold* 

MUcting plate, in clectricltr, what, 
443. 

Cloudi, formation of, S'i5. 
Cobait, exhibits maj^nctic properties, 
610. V 

CoMibustion, how explained by the 
ancieutSy 168. Its true cause, 
169. 

Compass, mariner's. Sec ^lugnetic 
needle. 

Compass card, describe J, 3^0. 
Coiideiiser, ui elcctiiciiy, described, 
440. 

Conductor of an electrical machine, 
58J, 

Conductors of electricity, certain bo- 
dies so called, 3li0. 

Conductors, humid, used in Volla's 
pile, 48V. 

CongelatiiW, variations occasione.l by, 
in the bulk of viater, Max- 
imum of dou.sity aribing fiom, as- 
' certaincd, iil4. Causes to which 
the expansion of water by, may be 
ascribed, VI 8 & VI 9. Eflectb of 
the expansive force of congealed 
water, WO <i sfq. 

Contact, immediate, with respect to 
the moleculs of bodies, how to be 
understood, 8. 

Contiauitv, law of, 183 note. 

Colours, what expressed- try the word, 
671. * 

Colours in light, 676. Experiments 
proving, the diiFereut retrangibility 

* ©f rays reflected by diiferenlly co- 
loured objects, 677. Other expe- 
riments shewing that ii^ht is com- 
posed of an mfinlte numt)er of lays 
dilferently refratij^ible, according to 
the shades of the dllfertnt C(jlours, 
which may be referred to seven, 
^78^(j84. New experiment con- 

' firmuig the preceding ones, 68 j. 
llow the expressioHi, red ra^.s, 
blue rays, violet rays, &:c. are to 
be understood, 686. Proportion 
ascertained between the s»ines of 
incidence and refiuctiun of the rays 
which (Ittteri^ine the limits of the 



tcven principal colours, 689. Thit 

proportion analogous to the uunibera 
that repiet^ent our musical scale* 
ibid, ilie mixtuie ol all colours 
forms white, 61/0. Singular, expe* 
riment of Mewton, proving thii^ 
691. Opinion of thove who admit 
but of three colours in li^^ht, ill 
founded, 69V. Eitecis which tho 
colours o< objects seen through a 
prism represent, explained, 693. 

Colours in objects, depend on the fit- 
ness of a body, to reflect one sort 
of ray mure abuiidantty than tlie 
others, which it absorb>, 711. 
Thi^ depends on the tenuity oi the 
particles of which tlie b«)dies are 
composed, 7;:5 4r The colour 
of a body more vivid, in proportion 
as the moieculse of that bo<ly are 
thin, 7V9. Cause of the diifcrcucs 
between bo<lies ttie colours ol whicl|» 
viewed in diderent degrees of ob- 
liquity, are permancul, and thos9 
wiiich, viewed in the same manner, 
exhiint changes of colour, 731 ^ 
Colours produced by the mixture of 
liquors that have no colour, ac- 
counted lor, 733. Colours of 
transparent bodies, 740. Coloured 
rinirs. See Kings. Colours of tb« 
rainbow. See Haiiibou:. 

Colours, accidental, 779 note f, 

CrowH glass, a kind of gla&s of tha 
nature o( common glass, 898. 

Crystal, rock, cause of the diverv 
colours it exhibits, 730. 

Crystalline of the eye, 75.3. 

Crystailisution, what is meant by tht 
term, 80. 

CrystalUsatioti of metals, cxplainet^ 
VV8. 

Cry St J Is, what is meant by the tem^ 
4. Primitive forms of, 87. Secon- 
dary loruis of, ibid. Forms of the 
integrant moleculin of, 89 4* 
Laws to which the stiucture of 
.crv««tais of the secondary . form is 
subjected, 97 seq. 

Cuiiniie. See Disthene. 

Curiti, muguetic, 557. 

D. 

Declination of the magnetic needle. 

See Needle. 
Decrvments, laws of, to which the 
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thnetore of crystals If subjected^ 
determioed, \f7 ^ seq. 
PmuUif, what is meaut by the term, 
7. 

Dew, explained, d05. Somedmes ao 
ima^ uf the rainbow seen in it, 

no. 

JHam&nd^ from its great refractire 
power, Newton supposed it to be a 
combustible substance, 669. 

Diatonie scale, formation of, 559. 

DUatation of gases and vapours, pro- 
portion in which it takes place, 
irom the term of thawing ice to 
•that of boiling water, 1^87—289. 
Reason of the uniformity of the 
law it follows relaiive to ditfcrent 
fluids, 290. Dilatation of gas?s by 
tlieir mixture with vapours, how 
determhied, 311-^14. 

JHoptries, meaninj: of, 614. Progress 
of the viencc, 817. 

Dispersion of li^lit, meaning of the 

' term, 895. Docs not follow the 
ratio of moan refraction, in ditferent 
media, ibid. 

Diuohition of salt by water, S98 ic 
300. Of water by air, ibid, 

Disthcnc, or cyauile, anomalies 
which this stone exhibits rehtive 
to electricity by friction, 390. 

DivitibUitif, what is meant by the 
terra, 1*3. 

Division of bodies, experiments prov- 
ing to what minuteness it may be 
•isnTied, 16 # ref. Judidrms 



£c/, electrical, of SuraKffi, il4'9t 
518. Experiment by which Walali 
drew a spvk trom it, 519. 

Elastic bodies, 29. Return to Oifir 
natural form bow elfected* 30* Sf* 
Utility of, in tbe arts, 36. 

Elastic duid«. See Fluids. 

Elasticity, in what it consists, 29. 

Electricity by friction, sketch of flic 
progress of, 377 4* DiviSioa of 
bodies, relative to eleciridty, into 
conductors or anaiectrics, and noo- 
conductors or idio-electrics, 380 & 
381. Principles on which the eteo- 
trical machine b founded^ 383. 
What is meant in electricity by id* 
sulated bodies, 384. The hypo- 
thesiii of two fluids, the combinatioa 
of Hliicli torin tbe electrical fluid* 
386. The idea of two kinds of 
electricity, posirive and negative, 
admitted by Franklm« 388. Tbo 
action of these two kinds of electri- 
city superseded by that of the re- 
siaou'i and vitreous fluids, ibid, 
Ditferent results of triction between 
two idiolcctric bodies, relative to 
the kind of electricity which each of 
them acquires, 390. Meaning of 
tension or electric density, 391. 
Experiments, proving that electric , 
action follows the inverse ratio of 
the square of tUe distance, 39$ & 
393^ Hence it results, that the 
whole fluid of a conducting body 
is dirt used abfvut iti surface, 39*. 
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41t. The vpiilsioii of bodies ek*c« 
.triied negatively-, io tlie hv|)oUii.Vis 
' sjugie fluid, ditlicult to i'&|>liuii, 
, 41S.- iiudnusiublc iiihircuce dt'iivod 
from that hyputhcus, ilut the mule' 
%q]« of folid b<t4li('« repel at a 
. ^istancLS 414. iutiueiice ut' {loliin 
in drawing aii-.l t!iruwin|r oii' the 
fiectrical iuid, 41:> d[- $tq, Klvc- 
trical spark, I'^lcctrical spurk 

will set alcohol on fire, ibid. Ktt'^ct 
•f the electric pi»(ul, 4.12. £ii'et:is 
•i' electricity iu vacuum, 4t?3. Elcc- 
. Meal odour, 424. Levdcii expcri- 
. Bcnt, it< dijtcovery, 4i'5. KxpU- 
. Bation, 4'i6 scq. ; the (quantities 
of vitreous and rcniuous tiuid thut 
•scape troin the t^^u surt'uces of ihc 
..phiai^ observe a geuiiietrical pro* 
gression, 4\;8. K.r|)ci-iuteiu ol the 
. pane or fiiliuiiutiiig scjiiare, 

454. KlectiicttI charge hv c.iM*u<le, 
4G5. Etfects of electric unii(>riL>s 
in destrojliiK ^if^^'t nieliiiiL^ nu-tAis, 
6cc. 436. TIio«*i' elfccls cx|>Iaiiic(l, 
437. Method ot rccoiiciiiiMj lu the 
theory afthe two llnids, ccriaiii ph<^- 
noBicna apparently incon>istoHt with 
it, 438. L)('!*cri|)tion, Slc. of the 
elcctrophorus, 4:>i); of the coiiiii tis- 
er, 440 ; of the elfclroiuetcr, *U 1 ; 
•f an instrument ia which the rtfccts 

. of the eluclionicter and the con- 
'denser are combined, 44.*). l)e- 
coraposiliun of water by electricity, 
. 52.5. 

]^Uctricity by heat, 450 ^ seq. Ap- 
paratus tor distinguishing the electric 
poles of l»odies siisctrptible of this 
mode of electrisation, 461. Elec- 
trical phenooiena of the tourmalin, 

455. Illative position of the poles 
iu the same bodies, and form of the 
parti in which 1\\q*j: poies reside, 
459. EHTects uf cr\.sials of borate 
of iDflgneM«i which have ei>>ht poles, 
460. 

ilectricitu, galvanic, its origin, 462. 
Galrani's expcrimenis on frogs, 'Uj4. 
Similar experiments by other |)jiilo- 

. sophers» 467 ^ if 9. ' AnimHl and 
••eitatory arcs, meaning of the 
tcsms, 467. How tiie experiments 
«D fioog* were first understood, 474. 

; VoltB*s theory, 478 4- $fq. The 
true principle of gidvanic eli-ctricity 
first discovered by Volta, 479. Kx- 

, periffABto in proof of the principic. 



4Q0.^4&5. VoIta*s pile, and the 
law by vkluch the quiiulity of the 
lluid in its diifcrent discs varies, 
4^6 — liM. Diiierencc between aa 
insulated and nou-iiv(ulated pile, 
4b8-~490. In what the true ele- 
ment of the pile consists, 49^. Aiia- 
loi^y of the tourniAliii to a pile, 493. 
Apparatus teraicd a couroiiue des 
ta.s!»es, expbiiud, 494. A prii». 
cipie siniii»r 10 that ot galvanic elec- 
tricity hinted at by Newton, 49j. 
Cominoiion produced by the pild« 
4**7 6c 498. This commotion in- 
creuMid in several ways, 499 & 
M>0. Mode of charuing a Lcydeu 
phial by th.e pile, 601. A^ractions 
prwluced by the pile, 601. Sparks 
producetl by touciiin^ the pile with 
wire, and the wire melted, 50^. 
Comparison of the eilects of two 
piles formed of the same number of 
iiiscs, but of dillerent diameter^ 
6():;—.')0(). Ktfects of the pile 
with iliose of a Mtr<uig eleetrical 
battery compared, 507. Diilerent 
substances ol whicii the pile may be 
formed, .509 6 10. Singular gra- 
dation which several metals placed 
one upon another exhibit, rehtlive 
to their ditlerent states of electri- 
city, 509. The organ of electrical 
fiNhes apparently similar in ita 
structure to the arrangement of the 
materials that compose the pile,5it;l. 
Sec Torpedo. Decom{)08ition of 
water by galvanic electricity, 5*2?, 
The most natural explanation that 
has yet been given of this phenomc- 
n(m, 6*^4. F^xpcriments, pio\inf> tliat 
the oxydation of the metallic discs 
of the pile ha!> no perceptible influ- 
ence in prfxlucin'' the electricity, 
6 Jo. Parallel between galvanic 
aiul ordinary eleclricity, i}29. llo- 
nK;rkabIe resemblance between the 
eflects of the diilerently coloured 
rays, in optics, and those of the 
vitreous and resinous electricity of 
the |)ile, 750. 
Electrlcitift natural, 4'1-i ^ seq. £1- 
pcrimentY, shewing the analogy 
between the electric iuid and th« 
mat tor of thunder, 444 6c 445. 
Elfect ot thunder-ruds and mode of 
consflnictins; them, 446. Proofs 
of <!ic utility of those rod.%. 447« 
Kilect of wliat is called in cIm- 
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tricitj the returning stroke, 448. 
llib ei!ect explained, ibid, and 
449. 

Utectmmeter de»cribcd, 441. Com- 
bine 1 wirli the cuiideiuer, 413. 

Eiectrophorus described, <I39. 

EtemeitUt specious rea«>iifl of the 
andent philosophers for adiuiltiiig 
but tour, 17<. 

Evfporation, in what it consists, 196 
^ Mf. In what it di Iters troin va- 
porisation, ;?^9 Sc liOX. Its quan- 
tity proportioned to the magnitude 
of the surfaces in contact with the 
air, S(hJ 6c 30:J. Eva[)oration of 
ice, 504. Different phenomena 
respecting eyapomiion explained, 
3ojk Evaporation increa^tes the 
elasticity of the air, 307; and di- 
roinbhes its specific gravity, 309. 
Orii(in of fountaini f>roceeding from 
evaporation, SSI ^ seq. 

KMClase, stone so called, remarkable 
for its britiieness and' hardness, %8. 

Exciter, use of, in discharging the 
Leyden phial, 43^ 

Erptanation, to be satisfactory should 
be minute, xvii. 

Exteniion, notion of, to what li- 
mited, 3. 

Eye, admirable nature of, 75^? & 
783. Its structure described, 753. 

Eye-glmt, in optical instruments, 879. 
If sometimes double and triple, 
882. 



Fogt, formation of, 3f 5* 
Force, or power* what if OKsnt hk, 
18. 

Force, coercitive, in irlioleetric bo- 
dies, considered, 400 : in nag- 
netic bodies, 541. 

Force, directingt of the magnedf 

needle, 

Forcfi of torioou, in what it oonrifa* 

39^. 

FounUiin of compression, efftett oC 

Fountain, intermittent, 260. 

Fountains, opinions resp^ctii^ tfit 
manner in which thej are pro- 
duced, 330. Evaporation thek 
true origin, 331 f teg. 

Fragile bodies, 28. 

Franc, value of, in the Frendi 
t:ical system, 79. 

Friction, used to estimate the luffd- 
ness of bi>die5» 26 ic 29* 

Frog%, ttie Arst idea of galvanic elec- 
tricity derived from experiiaentf 
on, 461 4* sej. See EAutridXfi, 
galvanic. 

Frost, how injorions to TcgetatioB, 
G- 

Galvmxtm, See Eltctticity, gtl- 

vanic. 

Gamut. See Sounds compared. 
Gas, method of ascertaining .ia what 
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to counteract it, 600. Solution of 
the problem of magnetising i>teel 
bars to saturation, without touch- 
ing a magnet, 60:>. Magnetism of 
iron mines contained in the terre- 
strial globe. See Mhics of iron. 

Gnomonicx, or art of raakini; dials, 
on wiiat principle founded, 6/.5. 

Oold, how divbibie and capable of 
extension by the arts, 1.5. Kank 
it occupies in the order of nielalsi, 
39. Its ductiliiv, how remedied, 
41. 

Ixramme, or unit of weiglits, valup of, 
70 i 78. 

Gravity, in what it consists, 4;?. 
Descartes' ojnnion of its cause, 4S. 
Difference between, and wcijiht, 
44. Law of the acreleration of 
noticm produced bv it in budiejs, 
47. 

GrtniUft specific, in what it consists, 
56. PrincijJe on which its deter- 
■nnation is founded, 67. £\p<^ri- 
Aents on the manner of determin- 
ing it, ibid. , 59, 6'i ^ teq. 

Cfnmotus, a species of electriod fish, 
518 & 519. 



II. 

Mmh formation of, 327. In what it 
differs from snow, ibid, 

Btard bodies, S8. 

Hmrdneu, in what it consists, 26. 

Harmonict, what meant by in the the- 
ory of sounds, 355. 

Beat, what is meant by the word, 
112. Capacity of, 116. Conduct- 
ing faculty of, 117. Specific heat, 
186 4" Mode of determining 

specific heat by caloric, 139. La- 
tent heat, 137. Sensible heat, ibid, 
if 158. 

JStaghU, method of measuring, by 
the barometer, 268 4- scq. 

J^erbontatioHS of certain stones, how 
produced, 198. 

Mittory, natural, object of, ii. Di- 
vide into three branches, i6i'd. 

SorisonUd moon. See 'Moon. 

Jiumidity, in what it consists, 176. 

Sjfdrogen, one of the principles of 
water, 172. Hydrogenous ga«, use 
of, in the construction of balloons, 
337. 

^ydtophammt agate, porouty of, as- 



certained by experiment, 9. Cause 
ol its transparency in water, 739. 

llitgromcter, defined, 175. That of 
"Sjau}.Mire, 180; of Deluc, 181. 

llugrometry, its object, 175. 

I. 

Jce. See Tf afer. 

i»iai»e« of objects. See Vision. 

Illusions, optical, multiplicity of, 767. 
TJiat of the appaient convergency 
of two rows uf irei s explained, 
768. Kxplanation ot other illu- 
sions, 770—771'. Illusion of the 
lar;;;er apiiearance of the moon at 
the horizon than at the meridian, 
774. Illusions that have their 
source in motion, 775 ^ seq. Il- 
lusion of the aberration of the stars, 
780—785?. 

JmpcuLtralnlitu, what is meant by, 12. 

Jiirlinatinn ol tlie maguetic needle. 
See Xccdtc. 

Inertia", tiue notion of, 23 — 25. 

InjiituiUions of the magnetic needle, 
586. 

Jnjiection of light, from what it pro- 
ceeds, 663 — 666. 

Instruments, optical, the most re- 
markable described, 748 — 816 ; 
851--904. 

Instruments, wind, manner in which 
sound is lormed in, 364 ^ seq. 

Insulated bodies. See Etecti icity. 

Iron, rank occupied by, in the order 
ol metals, 39. The harder this metaU 
the greater the difficulty which the 
electric and magnetic fiuids expe- 
rience in moving in hs pores, 541. 
See Magnetitm and Mina of iron. 

K. 

Kilogramme, value of, in the new 
French measures, 78. 

L. 

Lead, rank of, in metals, 39. Vm 
of its red oxyde in the fabrication 
of flint-glnss employed for achro- 
matic telescopes, 806. 

Lem, or lenticular glass, focus of 
rays tiiat tall parallel on, 64€. 
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Mii«^ncsii, borai t !, » ki.::;v; polos 
it.>> v.y^i.th hv lu'-.ir, -160. Kemarl- 
ablf anrtiu;:\ bi'twecn ihe iKJsiUu: 
ol tht-M* polt s ami t;.e lorm of ti:" 
parla ill wliitli they refido, ibid. 

M 'f^iietis.ii, o-iO <J- jti^. LiniiiMca- 
nin» ol" tlio ki.wwkdjc oi" liie a::- 
ciiais ri'spiciiiif;, .vJl. Karlii-' 
llit.-'jries for expiuiniiij: its d'eci. 
6;iO. Magiu-iic riuid.lhui-di dif- 
f<'ifnt from tlie cloclric liuid, 
pJvoriK'd bv tiu" ^ame laA*v, 534. 
Tbe iiia^-iieiic tiuid roiiMdercd a> 
coiiijioHi'd iif two disiiui't fluids 
6J;>. Tfiovo flp.i(ls cloiioniinated 
tliL' austi'iil fluid and horcnl fluids 
^iiy, Singular rcMiIts rcla- 

tive lo liie forces wbich »cton» 
ma^^le^ised in'odlu fi fcl\ suspended* 
513 — j-l.S. 'J luMiry of th^i>c re- 
sults, 5!»7 598.* Experiment* 
proviiii; tbat tbe action of th® 
iiia^iu'iic forces Ibllow the inrers^^ 
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isin, its effect but trifling when a 
lingle bar onl^ it employed, 570. 
Method oi double contact described, 
571. Condition requisite lor its 
action to have the greatest possible 
effect, 57S. Process of .^piuus 
for employing it more advantage- 
ously, 573. Another method, 
adopted by Coulomb, which reme- 
dies the inconvenience of coiute- 
queut points, ibid. How to obtain 
bars strongly magnetised, 574. 
How to magnetise the needle of a 
cMBpass, ibid. Construction of 
artificial magnets, 575. Powt'dul 
eiiect of these magnets, ibid. What 
is meant by the armour of natural 
magnets, 576. Requisite thickuess 
of the armour to produce the 
greatest effect, ibid. Experiments 
which seemingly prove all bodies 
to be susceptible of the magnetic 
Tirtue, 595. 

Magnetism of the globe. See Globe. 
Of iron mines. See Mines. 

Magnets, artificiaL See Magnetism, 

Magnitude, real & apparent, of an 
object, 761. 

Jfosf, what is meant by, 7. 

Measure, French* new i»3'stem of, ex- 
plained, 69—79. 

Medium, what bodies so called, 640. 

Meteury, earliest experiments on the 
congelation of, 225. Df^ternii na- 
tion of the degree to which it 
answers, 2^6. Its advantage in 
thermometers, 164. Experiments, 
proving that it does not deviate 
from the law of capillary tubes, 

19a 

^Meridian, magnetic, what is meant 
by, 544. 

MeticUs, good conductors of heat, 1 17. 
When polished, reflect radiant ca- 
loric, 120. Crystallised by the 
cold that succeeds to fusion, 2^28. 
Are good conductors of electricity, 
380. 

Meteors, what bodies so called, 3^4. 
Aqueous vapours described, 325 

Metre, meaning of, in the new French 

system of measure, 69. 
Mica, requisite thickness of a small 

plate of, to reflect pure blue, 727. 
Micrometer, See Addenda. 
Microscope, simple, effects of, 873 — 

876; A glass j^obttle o^ drop of 



water substituted for a lenticular 
glass, gives a simple microscope, 
877. 

Microscope, with two glasses, de- 
scribed, 900. Advantage of this 
instrument, ibid. 

Microscope, solar, described, 904. 

Mitierals, augmentation ot, how oc- 
casioned, 8 1. Difference ot, from 
organic beings, ibid. 

Mines of iron, reveision of the poles 
which detached pieces of, exhibit, 
explained, 605. Species ot, as 
distinguished by Lmnfewt, 606. 
Experiments shewing that the fer- 
ruginous crystals produced by na- 
ture are true magnets, 607 

Minium, or red ox^ d of lead, uliUtj 
of, in making fliut-glass, 898. 

Mirror, general effects of, 783. 

Mirror, concave, general ettects of, 
79 \ Caustics prouuced by, how, 
795 ic 796. Motion ol the caustics 
in certain cases, explained, 797, 
799. Cases in which the images 
are seen on this side of or beyond 
its surface, 800—806. its use in 
constructing telescopes, 806. Its 
effect in setting on fire, melting, 
or vitrilying, bodies exposed to its 
focus, 807. Experiment, in which 
the united ettects of two concave 
mirrors are shewn, 808. Several 
plane mirrors substituted for a con- 
cave one, 309. How the circum- 
stance of Archimedes setting the 
lloman ships on fire, is to be un- 
derstood, 810. 

Mirror, cylindrital or conical, amus« 
ing effects ol, 8,16. 

Mirror, convex, caustics produced 
by, how, 811. General effects 
812—815. 

Mirror, plane, represents the images 
at the same distance behind its sur- 
face, as the object is on this side, 
784 Represents the magnitude 
of the images in a similar manner, 
785. Can see in it but a |)art of 
ourselves, the height ot which will 
be double that ot the mirror, 784. 
The distance of the eye from the 
mirror, and the height ot the object 
and mirror, being known, we may 
easily ascertain at what distance 
from the mirror an object must be 
placed to be completely seen in a 
position parallel to that of the 
P B ^ 
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mirror, 788. Motion of the iraa^e 
double that of the mirror, 789. 
By iocliuing the visual ravi many 
images of the same object are per- 
ceived at once by meaiu of a mir- 
ror, this effect explained, 791 & 
799. 

M^ility, what is meant by, 18. 
M§lecut^, of what order those are 

which reflect or refract light, 

r«6. 

Molecule elementary, of minerals, 90. 
Molecule, integrant*of crystal*, 90 ^J- 

tff . ; subtractive, iii. 
Moon, its apparent horisontal mag- 

Bitnde, 774. 
Moutoomt, periodical winds so called, 

S«l. 

MoMckor^t 354 note. 

Motum, different kinds of, 19. 

Mmrime of silver, phenomena exhi- 
bited by, when exposed to differ- 
ent rays of decomposed light, 749. 

Myope, natare of ibe shortsighted- 
ness so distinguished, 871. Its 
temeily. ibid, Habiu of those af- 
flicted'with it, 872. 



KoUrt, in what sense to be onder- 
fltxkd, iii. Senti<ueuts excited to- 
wjrds the Supreme Being by the 
coiiiemplatioQ of, iv. 



Object-glm in optical instnuBenti^ 
879. 

Odour, electric* 424. 

Odours, prove to what degree natter 

is divisible, 14. 
Opacity, causes of, 738. 
Opal, reflections ot light which it darts 

from its interior, explained^ ?S0. 
Optics, the science of direct light, 

614. 

Oscillations, amall, of the dUiermt 
points of a cord that yields loaiid, 
3-13 : of abell in the same caae, 544 ; 
of the air, occasioned by tfaoae of 
sonorous bodies, 343. -The ooasi- 
dcration of, applied to the tfaeoij 
ot the pnipagation of soondy 361^ 
teq. The successive circles on the 
surface of water, oo stones being 
thrown into it, occasioned bt, 
375. 

Oxydation, that occasioned hj liw 
discs of Volta's pile, has no per- 
ceptible share in producing cleo- 
tricity, 526. 

Ongen, one of the principles of water, 
172. 

Oxygen gai, one of the principles of 
air, 244. 

P. 
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we hare fbltowcd in the distribu- 
tion of the particular subject:i be- 
longing to it, vii. 
PiUf Voita'a. See Elect licitij, gal- 
vanic. 

PUttiiium, the densest of known 
metaid, 61. Aiivaiitugc of, in tlie 
construction of tcle!^ci>JK*^^ bOo. 

Pouit of e.iiergcnce una uf immersion; 
in optics what, 640. 

Points, use ol, ill supporting or 
throwing oif liie eleciric tluid, 413. 

PoinU, car.linal, 3.0. 

Points, cuiise>}itcni, of a magnet, 56.5. 

- Of certain electric bodies by heat, 
568. 

Poies, electric, 451 : magnetic, 53'.>. 
Porosity t meaning or, in bodies, 7. 

Trool of, 8 oc i). 
Potteries, inconvenience resulting 

from the subsluncc fabricated in, 

156, 

Power, or force, mcuniiig of, 18. 

Powert refractive, iiKKie of determin- 
ing, 667, Vane?* in bodies ac- 
cording to their deubilies, 663. 

PreshyUe^ detective sij^ht of i)ersons 
to called, 866. lleiucdy lor the 
detect, ibid. 

Prism, destined to unveil the true 
theory of colours, 672. Position 
in which the image of the solar 
spectrum produced by, becomes 
stationary, 67.^. 

Propagation of liglit. See Light. 
Of sound. Sec Stmnd. 

Properties, the most general, of bo- 
dies, «— 19^. 

Properties relative to certain forces 
solicitiDg or impelling bodies, 18 — 
169. 

jPiMiipt, 261 4* Lifting-pumps, 
16^ 4* Sucking - pumps, 

964, Method of remedying an 
inconveoience to winch they are 
subject, ibid. Forcing - pumps, 
S65. 
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Quolilief, occqH, of the ancients, mo- 
dems accused unjustly of reviving 
then, 663. 

Quantity of notiOD, what meant by, 



R. 

Rain, circumstances that determine 
it, 325. 

liainhow, description of, 694. Tw© 
olten M'en, an inner one and an 
outward one, t6id. '^he Vnier one 
explained, 6'.>6, 701 oc 70*2. Ex- 
pluntition of the outward one, 699 
£)c 703. Breadih of the two bows 
and cause ot their increase, 704 & 
70.'>. Circumstances which occa- 

■ sioii a greater or less pari of a bow 
to Ihj s.een, 706. A third bow 
souieiiiiies seen, 708. A number 
of other bows that cimnot be seen, 
supp«.>sed ))ossible by theory, ibid. 
Experiment by which Antonio de 
l^oniinis represented a rainbow, 
70i>. Aiiilicial imitation of a rain- 
bow b^ throwing ^ater into the air, 
710. Copies of the rainbow in 
ditl'erenl objects, ibid. Solution of 
a diHicuity respecting ilifi outward 
bow, from fits of easy rellectiou 
and easy transmission, 735 & 736. 

Ray, meaning of, in each of the two 
hypotheses of the propagjition of 
ligiit, 615. Ordinary ray, relative 
to double refraction, 827. 

Raysy calorific, 747 4" 'f?- ; efficaci- 
ous, 697 6l 699 ; sonorous, 348. 

Rejitction of light, angle of, equal to 
the aif^le of incidence, 6ii9. Ef- 
fects of, against a plane surface, 
630 5c 631 ; against a concave and 
spherical surface, 63'2 — 636 ; against 
a convex and spherical surface, 
638 be 6:>9. Relation between 
reflection and refraction, 647 — 649. 
Keasons lor believing that reflection 
depends on a certain force diifused 
uniformly over the surface of bodies, 
and that ac!ts at a small distance* 
65^—655. 

Refraction of light, 640. So takes 
place, in the same medium, that 
the sine of its angle is always pro- 
poitional to that of the angle of 
incidence, 641. Law of, sought in 
vain by Kepler, 817; discovered 
by Snellius, ibid, Descartes sub- 
stituted for the proportion of tlie 
cosecants that of the sines, ihid. 
Effects of in mediums terminated 
by a convex surface, 642 — 644; 
by a concave 8urftice> 646. Bs* 
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lation between refraction and rc- 
fleciion. 647 — 619. Rotraciiun 
cx|>lained hy mcati'* o( atiraitioii at 
finall distance*, 6.?6 <x 637. Cou- 
•tant pro^rliou between the kuies 
ot incidence and reiVairiiou detuon- 
strated, 657 note. Heh action 
peater in combuiitible bodies ttuin 
in non-combustible bod.e^t ot the 
tame density. Sec Power, re- 
fractive. 

Befraction, double, discovery of, 
824. DifliiuUies attending the 
theary of, ibid. General ettei ts ot, 
when one or two rhomboids of car- 
bonate ot lime arc used, H^o — 
Explanation of a pheno.iienon re- 
specting, that disappoints tlie ex- 
pectation of the observer, 834. 
Experiment respecting, in which 
are seen at pleasure two or lour 
images of the same point through 
two rhomboids, 835. Huygheus' 
theory ol, 836. NewtOi/s theory 
of, i6id. Theory of other philoso- 
phers, who supposed they could 
bring the second refraction, under 
the ordinary laws, 8S8. Difliculfy 
of reconciling this theory with ob^ 
servations, 840. Correction to be 
made in the law projjosed by New- 
ton, 84^ — 847. The circinustance 
of one of the two images seen 
through a rhoiuboid appearing 
farther from the eye than the other, 
explained, 8 J8. Particulars ot the 
double retraction of diilerent na- 



of two intortnediate one«» wher^ 
the colours were obscure, 716. 
Other rings seen by reiractkm, 
718. Phenomenon ot the colonied 
ruigs analysed. Tut 6i, 7tt, Conse- 
quences derived by Newton tnm 
bis observations on tbe aulyect, 
725 4- uql 

S* 

Saltf sea, its ectraction favouicd by 
previouH evaporation, SOt, 

Sciencei, grand divisions of, i. P(nnts 
in which several nearly meet, ii.i 

Shudow, a privadon of light, 619. 
Ou what the term of, depends, 619 
— 6'25. Its use in ascertaining tbe 
height of a tower, 6i5 note. 

Shock, electric, by the Ley den plnal, 
4^*5 ; by Volla's pile, 497 & 498. 
Ditfereuce betwe«n them, 505. 
See Electricity. 

Sllier, rarelaction of, when mixed 
with copper, 12. Rank of, in me- 
tals, 39. • 

SiluruSf fish so called, electrical pro- 
perty of, 518. 

Snow, how formed, 326. 

Sojt bodies, 1(28. 

Solidity, meaning of, 6. 

Solution, of salt by water, 398 & 300; 
of water by air, V99 6l 300. 

Sonometer, an instrument used for 
detenniuing sounds, 354. 

Sound, air the vehicle ot, 340. Prinr 
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tinie^ S5i. Kelation between the 
nuuiber of vibnitiuiis tliat answer to 
the iutemds of* sound in ^le luu- 
•ical scale, ihid. Triple resonance 
uf a sonorous cord, Sly^. The 
three sounds which such cord makes 
are the first terms of an infinite 
series of harmonics, ibid, 'I'artini's 
experiment respecting a triple reson- 
ance, 357. Anotiier experiment, 
in which the two parts of a cord, 
divided by a slight obstacle, sub- 
diride themselves into several equal 
portions, 558. Formation of the 
ocdinary gamut, from the triple re- 
sonance of a vibrating cord, 359. 
Freterencc of this gaumt over that 
which is comprised in the scries of 
bannonics ot a sonorous cord, 360. 
Necessity of altering, by what is 
called temperament, the thirds and 
fifths ill the coiK'ord of stringed 
instnimenU, 363. 

Spar, Icelandic, name given to trans- 
parent rhomboids of carbonate of 
lime, B'i'i, 

Spectacles for reading, discovery of, 
917. Effects of, 866. 

Spectrum, solar, or coloured image of 
the sun, produced by light that 
has passed through a prisiu, 678. 
Ditrerence in the rays that compose 
it, relative to their calorific qualities, 
74^ & 747. Differences in the 
same rays, relative to their luinin- 
ons quality, 748. Other differences 
telative to the property of favouring 
oxydation or disoxygenation, 749. 
See further, Cotourn in light. 

Spring of a watch, diminution of its 
fprce while it unbends itsoll', re- 
medied, 36. 

Springs, utility of, 36. 

Sfuare, magic or tulminating, 434. 

5(ee/, receives the magnetic virtue 
with difficulty , but retains it long, 569. 

Steam-engines, effects of, explained, 
S39 ^ seq, 

Stere, value of, in the new French 
measures, 76. 

Sweat, or sensible perspiration, 10. 

^fphoH, effects of, to what ascribable, 
266. 

^tteni, different acceptations of the 
word, vi & vii. Difference between, 
and theory, vii. 

System of the new French measures, 
aGooiiBt< of, 73 4* 



T. 

Telescope, on what the effects of, de- 
pend, 878. Achromatic telescope, 
account ot its discovery, 890 — 895 ; 
its effect, 894 ; principle on which 
its construction is founded, 895— 
897 ; maimer in which its object- 
glass is formed, 898. Astronomi- 
cal telescope described, 879. Ba- 
tavian telest-o|je, 880; Gregorian, 
889; Newtonian, 888. Dioptric 
telescopes, 883; catadioptric* 888. 

Temperomenf, relative to sounds. Sea 
Sounds, 

Tension, electric, 391. 

Theory, meaning of, and how it con- 
tributes to the progress of the 
sciences, v seq. Details the 
touchstone ol, xvii. 

Thermometer, general description of, 
114. Origin of, 160. The one 
called centigrade, 163. Construc- 
tion of the common one, ibid. 
Advantage of mercury in the con- 
struction of, 164. That of Amon- 
tons described, ^84. Centigrade, 
163. Dclisle*8, 167. Farenheifs, 
166. Reaumur's, 162. Leslie's^ 
167 note. 

Thunder-rods, construction and ad- 
vantageous effects of, 446 4r 

Time, how to be considered in esti- 
mating velocity, ^1. Proportion 
between, and space, in the accele- 
rated motion arising from gravity, 
47. 

Topaz, singular one, of which the ex- 
tremities were analogous to those 
of magnetic bodies, 568. 

Torpedo, its electrical organ described, 
513. Opinion of the ancients re- 
specting the shock it gives on being 
toucKed, 515 & 516. Experiments 
proving the shock to arise froni 
electricity, 517 4* Walsh*f 
opinion of the manner in which 
the fiuid acts in the shock, 521. 
Substances that compose the or^an 
arranged, according to Volta, Uke 
those which form the pile, ibid. 

Torrents, cause of, 331. 

Torsion, force of, 393. 

Touch, manner in which it enable! 
the eye to judge of the form, mag- 
nitude, and distance, of objects 
756. 
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T(mrvMllnt electric virtue it acquire! 
by heat, Its actioa on light 

bodies to whicli one of its poles is 
presented, 453. How the two elec- 
tric fluids are distributed in it, 454. 
Paradox which its manner of acting 
on an electrified silli thread exhibits, 
explained, 45.). Reciprocal action 
of two tourmalins, 456. Variations 
in the elfects ot a tounnaiin Accord- 
ing to its degree of heat, 4.^. 
The broken pieces of a tourmalin 
having two poles like a whole tour- 
malin, expiai:ied, 458. Alfitiitj be- 
tween the lurms of the two summits 
of a tourmalin and the position of 
the electric poles, 459. Comparison 
of a tonnnulin electrised by heat, 
with Volla's pile, 493. Connection 
of magnetism with electricity de- 
rived from the tourmalin, 53S. 

Tif^mertjt apparent inconsistency in 
electricity solved by, 4SS. 

Tuba, capillary, phenomena they pre-' 
.sent, explained, 183 ^«<'^. Circum- 
stance in which water rinses in them 
above its level by tormiiig an hyper- 
bola, 1%. DiiTcreni elTects t<5 
which the cause of water risiAg in 
capillary tubes is ascribable, ex- 
plained, 198 ^ seq. Theory of 
X^J|^we, 197 note. 

U. 



rivei from the touch, 756 6c 757, 
Why objects appear to na right, 
though their images are reversied, 
757. Why objects are wot seen 
double, though their image is in 
each eye, 760. how the impres- 
sion of distance combines with that 
of apparent magnitude, to produce 
the sensation ol 'he real uiaguiliide, 
762. Circumstauces that deceive us 
in csliiitating the real magnitude 
of objects, 763. How, when be- 
tween us und an object other objects 
Litervene, we are thereby better 
enabled to CHtimate the distance of 
thai object, 765. Detect ot vision 
when the eye first admits light 
exemplified Irom the operation 
ol the caiaract, 766. Various in- 
stances ot illusion to wlucb vision is 
subject, 767 4r*cq. St'e Uiunons. 
Vision aided by art, 783. See fur- 
ther, Lejis, SpectaclUt Micrucfe, 
and Telescope. 
Volume of a body, what is meant by, 6. 

Water, physical propertiet of, in a 
»tate oi liquidity, 170. Uses ol, 171. 
Was long regarded as an element, 
17?. Its composition, ibid. Is aen- 
fibly incompressible, 174.. Disco- 
vered by Newton to have an in- 
flammable principle, 670. Decom- 

f]if-i.J l-v .iiUi'iik < lii-r in-r ■, , 
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the new French system of mea- 
sures, 69 4'*<^9* 

WindowSt glass, why wett(*<i uithiii in 
frusty weather, aiul wiihoui whoii 
it thaws, SOU, 

%VindSt ^'eiieial cause of, ."18. Ve- 
locity of. 319. Utility of, SM'J 
S-'JS. Kant wind explained, ^iiO. 
Division ol winds into general, pe- 
riodical, and irre£?ular, with their 
Mveral ezplanatioixf, 5:^1. 



iriifi^scf birds, their manner of use. 
Z. 

ZinCt density of, autrniented when 
mixed with copper, >Vhen in- 
sulated Hcqniies vitreous electricity 
by friction, S'?0. 

Zonis of no dcdiiiation, 581. 
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ADDENDA et CORRIGENDA. 
Vol. I. 

Pa. 95, note a, line 6 from bottom: for—late Professor of Chemisfry at 
Woolwich ; read — late Proteiisor of Aoatomy and Surgery* Leicester^quarcu 
Lgndon. 

^a. 36, Une 10, from bottom : for — are about to lay down ; read— haT« 
Just said. 

Pa. 49, line 2 : for— We have ; read~-4^. We have. 



Pa. 53, par 51. In the new edition of M. Haiiy'i Treatise, he has coii- 
ttderably expanded the ideas suggested in this paragraph, and has at the 
tame time introduced a brief view of the principles of Chemical Statics. 
The manner in whicli he has now treated these subjects, b as follows: 

The attraction which solicits the bodies of our planetary system to tend 
towards the sun and towards each ether, does not differ from that which 
occasions the descent of bodies placed near the earth. These latter bo« 
dies have also a tendency to approach one towards an other in virtue of the 
lame force ; but the etl'ect is destroyed by the much more energetic at- 
traction that the earth exercises upon them. If we suppose a series of 
bodices whose volumes are continually diminishing, we might be led to in- 
fer that their mutual tendency ought always to deviate farther from the 
term at which they would commence to be comparable with the terrestrial 
attraction. 

Yet the m»leaiU of solid bodies placed at the extremity of this series, are 
as it were enchained the one to the other by a powerful action ; and it ia 
Jmown to what a high degree several of these bodies resbl the efforts that 
are made to divide them. This consideration, joined to others that are 
mentioaed in the course of the present work, has given birth to the idea of 
a new species of attraction, on which depends the cohesion of those 
molecule, and which is distinguished from gravitation in this particular 
that it acts only at or very near contact, and is evanescent at the least 
sensible distance from contact. The attraction under consideration has re- 
ceived the names of affinity, and molecular attraction. 

Strictly speaking, the action of aihnity is extended indefinitely isbout 
9(tck molecule. Bat as it dimiubhes very rapidly, so that beyond a very 
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fmaU distance it ceasfs to be aj)pri*ciable ; we regard it as nothing at that 
terroi and call the sphere ofsrnsible activity that whose centre is confounded 
with that of the particle and whose radius is equal to tlie distance of which 
we have spoken. 

A very simple observation may enable us to understand the manner of 
action of tiiis force. It 'u this : a small fmgment separated from a mass of 
metal or of stone, does not less resist tlie cflbrt of the file to detach its par« 
tides, than when tliis fragment M as united to the body ; whence we may 
see that all the rest of tlie mass had no influence upon the force with which 
the particles of the fragment adliered to one another.* 

Various interesting experiments scatter fiesh light upon thb condosion. 
If we take two platob of marble, or wcll-poliidied plates of glass, and cause 
flicm to gliift one over another so that they may touch the most exactiy 
possible, we shall obser\e tliat they adhere strongly one to the other. Each 
of the two suriaces Iiaviiig, in tliis case, a great number of points which 
are brought into contact with the corresponding points of the other surface, 
or bting only separated hy a distance extremely small, there will result a 
sum of attractions in some measure comparable to that wliich holds to- 
gether two parts of one and tiie same body distinguished by an imaginary 
])lanc. llie pressure of the ambient air, to which one might at first be 
tempted to attribute the adherence of the two bodies, does nothing more 
than au<7mcnt the etfect of the attraction. For if these bodies he placed m 
the vacuum of an air-pump, they will still continue to adhere together 
with a force which will be merely diminished by a quantity equal to the 
action of the air. It has Ix^on remarked, that the same bodies after having 
remained for some time in contact, have opposed more resistance to their se* 
paration than at tlic fir.st montent. Hence it would seem that the ^longed 
action of the altiaciive force solicits the moleculai to little oscillations, by 
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•f dl the moleeulae in contact, in such manner that, to cause the separation, 
all theite attractions must overcome by a single effort In the second 
casCy on the contrary, the separation is made, so to speak, in detail, by 
mccesaTe actions, each of wliich deprives but a small part of the molecol^a 
of the attractive force. 

The spherical figure assumed by the drops of vrater and of mercury, and 
which obtain in a vacuum, present a new proof of the effects of molecular 
attraction. This figure is the more exact as the drop is smaller, and as the 
plane which sustains it acts less ujton it by its particular attraction. Thus 
the dew forms upon the leaves of ceitain i>lants globules which only touch 
by a point But the drops which are found upon glass and different stones 
are merely hemispherical; and as the reciprocal attraction of aqueous 
molecohe is considerably weakened by the action of another cause, if the 
drop which is in the situation we are speaking of has a certain volume, 
graTitj will make it assume the funu of a semi-spheroid whose minor axis 
is in a vertical position. If, on the contrary, the drop hang from the in- 
ferior iorface of the body, it will be so lengthened that the major axis of 
the spheroid will be situated vertically. 

If we cause two drops of water or of mercury to advance gently one to- 
wards the other, till they arc very near, they will be seen to dart towards 
each other and unite into a single drop. 

But the effects of this force exhibit themselves nowhere in a manner so 
evident, and at the same time so admirable, as in those varied operations 
where chemistry, placing the elements of bodies as it were in contest with 
one another, creates again tliat which it had destroyed, or transforms it 
into a being entirely new ; and, by successive decompositions and combina- 
tions, obtains results which are so many faithful imitations of those of 
nature, wliile of others nature furnishes no model. 

The Equilibrium bctzcccn the Affinities of the Principles which 
form Neutral Combinations, 

Though the developeraent of the phenomena that depend upon the 
actions exerted by the elementary moleculs of bodies one upon another does 
not enter into our plan, the i>oint of view under which we shall now con- 
template them is not foreign to Physics, since it enaVles us to perceive the 
generality of the laws to which those phenomena are subjected. 

In the mutual combination of an acid with an alkali, if it be supposed 
that the quantity of alkali, at first very small, augments progressively with 
regard to the quantity of acid, there will be a term where the properties oi 
the two principles will disappear, in such manner, for example, that if the 
salt which results from the combination is soluble, a blue vegetable tincture, 
brought into contact with the solution, will not undergo 'any alteration. It 
b then said that the combination is in the neutral state. 

The word saturation is employed to indicate the term where, the reci- 
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procal affinities of the two priDciplet being satisfied, neither of tiMi li 
more susceptible of combining with a new quantity of the odwr. Nov 
tliis term does not correspond with that which constitutes the oeutral state. 
We shall endeavour to elucidate the distinction hj adopting the ideas of 
the celebrated Laplace. 

When an acid is combined with an alkali, we maj conceiTe the mofe* 
cuhe of the acid as acting by their centres of action, upon the molecule of 
the alkali reunited about them, in such manner as to form so many Bttle 
spheres v/hoac centres shall be occupied by that acid ; and the combtnatkA 
of the two principles will be that which gives the point of saturation, if 
the alkali is in the required pro[k>rtion, so that the radius of each sphen 
shall be equal to that of the sphere of sensible afiinity of the acid widi 
respect to the alkali. We may substitute for this hypothesis, that where die 
little spheres shall be composed of molecuiie of the acid and shall have their 
centres occupied by the alkali. That there may be saturation, it u stifl 
necessary that the radius of each little sphere be equal to that of the sphere 
of sensible affinity of the alkali for the acid ; and it is obvious that the 
relative quantities of acid and alkali will be the same as in the preceding 
case ; each hypothesis being only an equivalent manner of conceiving the 
reciprocal actions of the two principles which form the combination. 
' Let us now imagine that, the centres of the little spheres being occupied 
by the alkali, a bKie vegetable tincture is put into contact with the salt 
and that it remains without alteration. The coloured molecnlae are su- 
sceptible of acting by affinity, cither upon the acid, or upon the alkaH ; 
and, since, in the present case, this affinity does not' produce any' effect, 
if we limit ourselves to consider it with regard to the add, we shall con- 
clude that it is in equiiibrio with that which the alkali exercises upon the 
parts of that acid which comi)ose the exterior stratum of the little sphere, 
or tlat wiih which the blue moleculas are in contact. The salt is theii in 
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cmuBes blue vegetable tinctures to pass to a red» because the qnantitj of 

add relatively to that of the alkali, goes beyond the term which con- 
v^tutes the neutral state, and approaches the limit which answers to satu- 
lation. Salts which are in this case have received the name of salts with 
€xce$8 of acidt or acidulated salts. 

What has been said of an alkali may be extended generally to all tlie 
bases susceptible of combining with acids. There are salts likewise in which 
it is, on the contrary, the quantity of alkali which, relatively to the quantity 
of acid, goes beyond the point determining Uie neutral state, in such sort 
that their aotion transforms blue vegetable tinctures into green. These sub- 
stances are called by the chemists, salts with excess of alkali, or alkalised 
'Salts, Of this number are, the borate of soda, vulgarly borax, and the 
carbonate of soda. 

This method of representing the results of the combinations produced by 
adds and alkalis, conduces to explain that which happens to two neutral 
salts which, mixed the one with the other, exchange thdr bases, V) that 
the new products which arise from this operation are still in the n^tral 
state. The agreement which exists, in this respect, between theory and 
experience, serves to unveil a very remarkable property of affinity, namely* 
that the law to which its action is subjected, with regard to the distance, 
b the same for all bodies ; so that the differences between the action of 
these bodies depend only upon the greater or less intensity of the par* 
ticular affinity of each of them. 

. To elucidate this by a very simple example, let us imagine a particle of 
sulphuric acid lodged at the centre of a little sphere composed of any alkali 
whatever, in such manner that there shall be saturation, and let us denote 
by a the quantity of that alkali. Let us now substitute the muriatic acid 

for th.e sulphuric acid, and suppose that the action of the former is once less 
intense than that of the second. That the muriatic acid may saturate the same 
quantity, a, of alkali, it will be necessary, in the hypothesis where the law 
relative to the distance should be the same on both parts, that the partide 
of this acid, placed at the centre of the little sphere, shall have a mass 
double to that of the particle of sulphuric acid which it has replaced. Sup- 
pose, on the other hand, that this latter particle is capable of saturating 
a quantity of lime equal to 2a. We shall hence conclude that the same 
quantity, Sa, of lime is necessary to saturate the partide of muriatic acid. 
For, since the sulphuric acid is capable of acthig until saturation upon two 
spheres composed the one of a of alkali, the other of 2a of lime, and the 
muriatic acid is in the requisite proportion to saturate the sphere composed 
of a of alkali, it is right that its action upon the sphere composed of Sa of 
lime, should still attain the term of saturation, as a consequence of this that 
the function of the distance being the same on both parts, the limits of tho 
action are also the same. 

We may suppose that the quantity, a, of alkali and the quantity, 2a, of 
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lime, infienor to that which the saturation requires, were solely suiBdent ti 
bring the sulphuric acid, for example, to the neutral state ; in' tiiis case^ 
the union of the same quantities with the muriatic add will again determine 
the neutral state in an equal degree, that is to say, the radii of the little 
spheres whose centres we suppose occupied by the two acids, will diffor by 
the same quantity from the radii of the spheres of sensible activity of the 
same adds upon the alkali and the lime. 

According to this theory, if there be mixed together two neutral salts 
which may have the conditions necessary to produce an exchange of their 
bases, as obtains with regard to muriate of bar^tes, and sulphate of soda; 
the new salts which will result from this mixture, and which, in the present 
instance, will be sulphate of barytcs, and nmriate of soda, will be found in 
their turns in the neutral state. Fur if the first two salts are in such a ratio, 
that the quantity of bar^ tes, for example, contained in the muriate of ba- 
rytes, shall be that which h required to nentraiise the quantity of sulphuric 
acid which contains the other salt, the quantity of soda comprised in this latter, 
will Ift also that which is capable of neutralising the quantity of muriatic acid 
which the muriate of bar^tes contains. If, on the contrary, one of the two 
salts, as the sulphate of soda, is in too great a proportion, there will only 
be decomposed the part necessary that the products of the operation may 
attain the degree which answers to the neutral state. The surplus will re- 
main separate or foreign from the combination, by retaining its primitive 
state, without any portion of acid or of the base being set at liberty. 

We have already observed this correlation between the affinities in tiic 
mixture of different neutral salts. But the respective quantities of base and 
of acid whidh several chemists have assigned for the same salts, do not 
accord with those which the permanence of the neutral state requires ; as 
has been proved in a luminous discussion by the cdebrated Guyton, who 
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the neutral state: thus the mixture of nitrate of silver with muriate of 
potash or ot soda determines a precipitate of muriate of silver, and all re- 
mains as before in the neutral state. 



Pa. 55, par. 54. The reasoning in tliis paragraph is dilated and made 
more palpable by M. Haliy in the new edition of his work. But instead of 
quoting the additional exemplification of his view of the subject, the 
Translator avails himself of this opportunity to state the opinion of M. Libes 
as given in his Nouveau. Dictioimaire de Physique. This philosopher en- 
deavours to reduce the molecular attraction to the laws of universal at- 
traction, and to shew the probability that Newton was right when he 
suggested that one attraction might be the cause of all the chemical at- 
tractions. To shew that two elementary n.olecula; in contact ought to exert 
upon one another an infinite action, while the law ot attraction is directly 
as the masses and inversely as the square of the distances, the reasoning of 
M. Libes is simply this: If the masses of two, finite bodies which attract 
each other, were to beconie infinitely small, the attraction which they would 
exercise the one upon the other, would experience, in respect of the masses* 
an infinite diminution. But if those masses, thus become infinitely sniall^ 
are in contact, their centres will be found infinitely near to one another; 
consequently, the attraction, which follows the inverse ratio of the squares 
(of the distances, having augmented infinitely more with regard to the 
approach of the centres of action, than it has diminished by reason of the 
juXieme minuteness ol the masses, the result must be an infinite attraction. 



Pa. 104, par. 114. M. Haliy has placed the following remarks before 
this paragraph. 

In the hypothesis we have adopted, caloric is considered as a very subtile 
and eminently elastic fluid, that penetrates all bodies, in the interior of 
^Mch it is dilfiised more or less abundantly. The quantity of this fluid 
which a body contains, does not exert all its expansive force, but retains a 
more or less considerable part, in virtue of which the caloric makes an 
effort to escape from that body, in such manner that it can only be kept 
therehi by the re»stance of the caloric engaged in the surrounding bodies, 
and which has an equal tendency to escape. If this equality cea.ses, by a 
superabundance of caloric in some one of the bodies, it will yield a part of 
its fluid to the -ethers, until the equilibrium is reestablished. The tendency 
of caloric to escape thus from a body, has been denoted by the word 
teruion, which assimilates the state of caloric to that ot a bent spring. It 
is properly in the quantity of this tension that what is denominated the 
temperature of a bod^ consists^ and according a» the tension augments or 
VOL. II. £ S 
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diminishes, the temperature rises or falls ; or, as it is likewise expressed rs 
more familiar language, the body is heated or cooled. 



Pa. lis, par. 133. M. Hatiy has now enlarged this part of his work, 
by an account of the most important experiments of Coutit Rumford and 
Mr. Leslie relative to the reflection of caloric : bat as the Translator has 
ahready adverted to tiiis topic in note o, he trusts he need not go fartltcr 
into detail here. 



Pa. 1S9» line 16 from b: for — takes away; read— take away. Line 15 
and 12 from b: for — yields some qf its ; read — yield some of their. 
Pa. 132, line 14 and 15 : for — jooi) ; read— 2^-75^5 . 
Pa. 136, line 3 from b : for — this disrance ; read— this distance of tim^ 
Pa. 143, par. 166 : for — In the words *, read — ^in the works. 



Pa. 150, note s. The Translator ought to have added to this note, that 
our learned countryman Mr. Henry Cavendish is the real discoverer of the 
composition of water. In the summer 1781 he set fire to 500,000 graia 
measures of liydrogen gas, mixed with about 2^ times that quantity of 
common air. By this process he obtained 135 grains of pure water. He 
also exploded 19,500 grain measures of oxygen gass, with 37,000 of hy- 
drogen gas, and obtained 30 grains of water, coataining m it a little nitric 

.trM. Fm.M, t'.,..,. ,.Wm-.;m. ,1, i^^lv in^'-r. .] V.r,\, ^ . r:-n. 
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i«riety of tbeoremi now demonstrated by this philosopher, «re the fol- 
lowing : 

1. If we conceive any kind of prismatic tube, in a vertical position* 
with its inferior extremity immersed in a fluid .of indeterminate quantity ^ 
the Tolume of fluid within, raised above the level by capillary action, it 
^qual to the circumference of the interior base of the prism, multiplied by 
a constant quantity, which is the same for all prismatic tubes of the same 
matter immersed in the same fluid. 

t ' If the indefinite vessel in which the parallelopiped is immersed, in- 
clude any number of fluids placed horizontally one above another; the 
excess of the weights of these fluids contained in the tube, over the weight 
of the fluids which it would have contained without capillary action, is th« 
same as the weight of the fluid that would rise above the level, \i the 
vessel contained only that fluid in which the interior extremity of the paral- 
lelepiped is immersed. 

3. If the vessel contain but two fluids, in which the prism is entirely 
immersed, so that its superior part is in one fluid, and its inferior in the 
other; the weight of the lower fluid, raised in the prism by capillary 
action above its level in the vessel, will be equal to the weight of a similar 
volume of the upper fluid, plus the weight ot the inferior fluid, that would 
rise ill the prism above the level, if there were no other fluid in the vessel, 
mmtcs the weight of the superior fluid, that would rise in the same prism 
above the level, if the vessel contaiued this fluid only. 

Xn the preceding theorems the base of the prism is supposed horicontal: 
bat it is easy to conclude generally, that, whatever be the figure of the 
base of thj prism, its vertical attraction, and that of the exterior fluid on 
the fluid included in it, are the «ime as if the base were horizontal. The 
fast theorem theretbre will hold generally, if we miderstand by the cir> 
cnmterence of the interior base that of the interior secdon, perpendicular 
to the fides of the prisip. 

4. If the pritiQ, the lower piirt of which is immersed in a fluid in a vessel 
•f indefinite size, be inclined to the horizon, the volume of fluid in the 
prism, multiplied by the sine of the angle oi inclination betw^een the side 
•f the prism and the horizon, will be constantly the same, whatever that 
inclination may be. 



Pa. 253, line 1 of the note: for— commencin; read— commencing. 



Pa. 253, par. 278. A curious fact, stated by Haiiy in his second edition, 
proves how considerable is the quantity of caloric of which the air is de- 
prived when it! volume is contracted. A small piece of amadou if placed 
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within the inferior extremity of the tube of a condensing-pnmp which 
serves to corapress the air: tlie piston is then depressed as speedily as pof- 
sible, and ilie heat which is developed by the condensation of the air is 90 
acti-fe, that the amadou takes fire. If the body of the pump is terminated 
by a moveable bottom made of a piece of steel strongly screwed on, at the 
centre of which is adapted a glass lens through which the interior may be 
observed, there may be seen, at the first stroke of the piston, a lively and 
brilliant stream of light spouting in the midst of the condensed air. 

It is known that the combustion of oxygen and hydrogen gas, produced 
by the electric spark, occasions the composition of water. The celebrated 
Biot has announced ( Magas Encyclop. Avril, 1805) that the eifect of a very 
rapid compression might be substituted for that of electricity, by giving 
place to the disengagement of an abundant quantity of caloric, which be- 
ing restrained from dissipating all at once, would transmit its action to the 
gases, whose temperature it would suiBciently elevate to produce their 
inflammation. Though M. Biot thought it useless to verify immediatelj 
an assertion so closely co.-.nected with known observations; yet the experi- 
ment itself excited so great an interest, that to indicate it was to contract 
the engagement to perform it. He made use of an air-j^un, whose bottom 
was closed by a very thin piece of glass: having introduced a mixture of 
the two gases into this gun, he gave a stroke to the piston ; immediately 
there appeared a very vivid light, accompanied by a violent detonation 
which was a certain index of the combination of the gases. This experi- 
ment, however, requires precautions to prevent the dangers to which those 
^ho make it are exposed. 
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Pa. S5, %rt. 510. M. Haiiy introduces the subject of Secondary Pilet 
ioto this part of the new edition of liis Work, at the Translator has into 
tiote a. But the following circumstance now mentioned by the Author^ 
had not before fallen under the Translator's notice. 

Among the various experiments whose results are analogous to those of 
the secondary, pile, and which had been made previously to its invention, 
we shall confine ourselves to the mention of one due to Volta. This phi- 
losopher having put the two extremities of a slip of paper moistened with 
pure w^ter, in communication wiih those of an ordinary pile, remarked that 
each of its two halves had acquired the species of electricity which resided 
Id the corresponding pole of the pile, anrl that the electric density dimi- 
nished on both sides as it approached the middle Of the paper, where it 
had a neutral point. This slip lias been denominated Volt(^s riband. It 
U easy to see that the conservation of the double electricity it exhibited, at 
least during an instant, depended upon the imperfection of the conducting 
£u:ulty, either in the paper or in the water it had imbibed. We know even 
^t the effect in question may obtain still, with due precautions, with 
respect to substances much more susceptible than paper and water of trans- 
mitting the two electric fluids. For as tiiere is no body which possesses 
the conducting faculty in an absolute degree, the journey of the two fluids 
along the surtace is always more or less progressive ; and thus, however 
slight the resistance which the bodies oppo»e to the motion of these fluids, 
their density may be so small, that this resistance shall become capable of 
balancing their tendency to reunite, and of retarding, for an appreciable 
time, the return of the body to the natural state. 



Pa. 52, line 10 firom h : lbr~.537; read—5S9. 
Pa. 86, in the note : for — he re j read— here. 



Pa. lOT, note Ir. According to Mr. Gilpin's Observations on the Vafl»r 
^ 0CC of the Magnetic ftee^e, p«Uiib«d iii p«rt ii. of the fhUowgiiiaU 
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Trmumctwm fat 1806, the drdinlino taken m tht Month mi J^j 6n 
1790 ck ma wa wb b bdov. 
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1795 . 
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1804 . 


24 8 4 


1797 . 


. 24 3 
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If«iioe« with regard to the aimiial increase of dedimtioD* Mr. Oflpio'i 
•tMCiTttlonf ftfoo^jf indicate that it b appri.achliig a liait; and, in like 
Buuiner, tome obaenratiooi at Paris fiiToar a umilar condasioo : for, b tiiat 
city, from 1792 to 1794, tbc dedinaxioo appea ed fixed at 21* 54' W; 
in 1798 ir was 2i» IV; in 1799, 22« 0*; in 1800, 2i« 12*; in 1801, 
22* 1'; in 180.', 21» 45^; in 1803, 21» 59*; ia 1804. 2i* ly. being for a 
period of twelve years, sometimes stationary, at others retrograde, as b 08c3- 
laliog about a limit. Thus also, its morements have been nearly the same at 
Genera ; where in 1800 the declination was 21* 29', and in 18ai> 21« 13^. 
So again, many naval officers are of opinion that in the western pans of 
the Kuglish channel, the dediuation has nerer reached 25^, and has afacadj 
begun to decrease. WKile, on the contrary, Mr. Harding asserts that, at 
Dublin^ the change in declination has been uniformly about 1^' !fO* an- 
nually from 1657, when there was no declination either at London or 
Dublin, till May, 1791. when it was 27o 23^ W. What the dedinatioo b 
now at Dublin we know not ; though it is a da^um we should be Very glad to 
possess, that we might see h.w far it also indicated an a£proach to a fiiait 
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•f brass. He had a very handsome coropass-box made of pore brass, as 
far as he could judge : the needle being taken out, placed on a fun fixed 
properly in a board, and clear of all other magnetics, the box attracted the 
needle at half an inch distance ; and if suffered to touch, drew it full 90 
de^O^ees from the north or south points. He thought those parts of the box 
which were marked north and south attracted the strongest. Pieces of 
bras^ without any magnetic power, being properly hammered, and having 
given to them the double touch agreeably to Mr. Mitchell** method, wete 
thus made to attract and repel the needle, as a magnet does, having two 
regular poles. Mr. Ardcron likewise attempted to infuse the magnetic 
virtue into pewter ; but he only succeeded sa far as to cause the needle to 
tremble when a piece of such {>ewter was presented to it. See PhiL Tram. 
for 1758. or New Abridgment, vol. xi, pa. 



Pa. 1S9, line 12 : for— forces ; read— surfaces. 

Pa. 154, lines 1 and 5 of the note : for — meridian ; read — south. 

Pa. 173, line 2 of the note : for — reflection ; read — refraction. 



Fa. 184, note t. The author has now given the results of M.M. Blot 
and Arrago, on the analogy between the refractive power of bodies and 
their chemical composition; results the principal of which the Translator 
has stated in the note just mentioned. It may, however, be proper to add 
in thb place the formula M. Haiiy has now inserted from Biot, by meant 
of which that philosopher determines the ponderating quantity of any con* 
stituent in a proposed compound. Let P be the refractiv^ power of a 
molecule of the mixture, A that of a particle of one of its principles,' B 
that of a particle of the other principle, x the required ponderating quan- 
tity, and which we shall suppose to be that of the principle A; we shall 

P - B 

have «A + B (1 — x) ss= P, whence we deduce * =» • Thus, the 

A - B 

refractive power of a particle of hydrogen is 6*4534, that of a particle of 
air being the unit, the refractive power of a particle of azote referred to 
the same unit is 1 0297, and that of a particle of ammoniacal gas is 2*0874. 
From these d^ta may be determhied the ponderating quantity of hydrogen 
comprised in a weight of ammoniacal gas represented by unity. Pursuant 
to the formula, if we divide S.0874— 1.0t!!97 by 6*4534— 1-0297, we shall 
have 0*1950 for the ponderating quantity of hydrogen contained in the unit 
of ammoniacal gas. Now the experiments of Bertholet and Davy give ^ 
or -200, differing from the preceding result only by -005; ai«d even this ' 
difference may probably be imputed to the circumstance that the hydiogeu 
gas employed by Biot and Arrago was, by reason of its great purity, isj 
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tSswi fighter than the atmoipheric air, which might augnent its refractiTe 
fwwcr lelalivc to the densitj^. 



Pa. line 2 from b: for— aits; read— fits. 



Pa. 253. The author here introduces into the new edition of his treatise, 
Scherifer's theorjr of accidental colourSt mentioned in note/, pa. 287, and 
then adds — ^We have given the rule to which the sensation conforms that is 
produced upon the organ of sight But what is the cause which occasions 
in the organ itself a disposition to conform to this rale ? and how is it that 
a little white band placed, for example, on a red ground, though it trans- 
mits to the eje all the rays which compose its whiteness, excites there the 
impression of a gi^enish blue, that is to say of the colour which would be 
really presented by that little band, if we had subtracted from the white- 
ness the part of it which is common with the colour of the ground ? 

Scherffer has attempted to explain this illusion from the principle, that if 
a sense should receive at once two impressions of the same kind, one strong 
and vivid, the other Uiuch weaker, the latter would be as it were partly 
absorbed by the former, so that it would become imperceptible to us. Thus, 
to recur to the eutmple of a little white band placed upon a red paper. 
The whiteness of this band may be considered as being composed of a 
blueish greeu and of red. But the sensation of the red colour acting with 
flmch less force than that of the surrounding colour of the same kind, is 
eclipsed by the latter, in such manner that the eye is only sensible to the 
impressien of the green colour, which being foreign and dbtinct from the 
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Pa. fir, par. 747. The following b added from the new editietia 
Mr. Leslie has recendy undertaken the same experiments, making use ef 
a very sensible iustnimcnt which he caHs a Photowtaer, and whose -cob-- 
stniction approximates to that of the differential thermometer (par. 167, 
note i) previously employed by ihe same philosopher to observe the effects 
of radiant caloric (par. 125, note o). The essential pari of the photometer 
consists also of a glass tube like a reversed syphon, whose two branches 
should be equal in height, and terminated by balb of equal diameter. But 
here one of the balls is of black enamel, while the other is of common glass. 
The motions of the liquor, which is here also sulphuric acid tinged red widi 
carmine, are measured by means of a graduation the zero of which it 
situated towards the top of the branch that is terminated by the enamelled 
ball. 

The use of this instrutnent is founded upon the principle, that when tiie 
light is absorbed by a body, it produces a heat proportional to the qimntky 
of absorption. When the instrument b exposed to the soUr rays, those rays 
that are absorped by the dark colour, hea^ the interior air, which causes 
the liquor to descend at first with rapidity in the corresponding branch. 
But as a part of the beat which had introduced itself by means of the ab- 
sorption is dissipated by the radiation, and as the difference between the 
quantity of beat lost and that of the heat acquired goes on diminishing, 
there will be a point where these two quantities having become equal, the 
instrument will be stationary ; and the intensiry of the incident light b 
then estimated by the number of degrees which the liquor has run over. 

The author of this ingenious instrument has pointed out its advaoatages in 
determining the progressive augmentation undergone by the intensity of 
the light, and the gradation in a contrary sense which succeeds to that 
progress, both from the beginning of the day to its end, and from the win- 
ter solstice to the end of the succeeding autumn. W ith the help of such 
an instrument one might also compare the action of rays of light in different 
countries, of which some dart with sufficient constancy from a fine and 
sciene sky, while others seem to be covered with a veil which dims and 
obscures their lustre. 

Mr. Leslie having proposed to himself, as we have said, to roesisure the 
energy of the diversely coloured rays which compose the solar spectrum; 
caused a beam of light to pass through a prism of flint glass ; and the in- 
dications of the photometer presented successively to the different parts of 
the spectrum, have furnished nearly for the relation between the degrees 
of force of the blue, green, yellow, and red, rays, that of the numbers 1, 
4, 9, 16; a relation which, considered in the two extreme terms, is double 
that wluch M. Rochon had deduced from his experiments, and more thaa 
quadruple that which was substituted for it by Dr. Herschel: 
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MSt pmr* 900. The lobjfci of Mierouieten h so ncArly eoBtiectcd 
ftitli ihtfie of MkriMcoiics and Tt le»cop<'f» tbal this p«rt c»l tfic tfeatiac con 
i4;«rculj|f be rriJ toned cromplrle without louclimg upon tl 

A micraweter it iU luitjument the h^Jp ol wKich the appftTicat mag- 
KtlHdci of &iiject» fiewed lUough i^kM^upei or nucroscopea me metMirfd 
mlth freat exiMrtuc»^ or by vihlch the dhlAiicc^ remote obfccti duj be 
t»cerUiaed. 

IiLitruiueutii of ihia liarl tn^y la dh idcd into two clftU€^» those wbicb 
Imvc Qot^ mid th4>4£ nlikh Ita^e, bomv [uuvement Afnongil Uieii parts. Tl^ 
Bik'ramctefi (ii iht lofiuer kind cori&lsl luosiJj of fine wires or hdirs va- 
tii/u>Jjr dbpi^sed, and ^tualcd wiihit) the telescupe, jusi inhere the ima^e 
of lJ>e oUjecl i» lormed. hi order to dctermujt^ an angle mih ttiese nuciio^ 
meter*, tnu^h mlmhtion h geueraJJy required. The mktomeiers of ihi 
«ther «urt, of ^vbich there i* n great Yarietj, some being i»ade wUli moTe* 
able paraUct wtref, Qlheu with prisiuf, others again with a combmatioa of 
ieiae^ are more or less subject to several incoiivenienees 19%!^ Tbeir 
moiloii* geiieraUj depend ii]m\ the uttion of a screw ■ and of course the 
Imparl ectbns o* it* thicjwls, and the greater or leas quant iij- ot lost rootion, 
^irhicli is obbiervabie m moving a scr^w, fspcd^dly when siuail, occasion a 
considerable error in Lhe mensutBlIun oi aiigies* llieir eonipUcation ao4 
buJk rcnder Ihem dlffieull of appUcaD'on 10 a variet j of teievcopes, espeeiaHj 
to the pcrcket one«. 3. They du tmi u\i;s,*iani the angle wiihr>tit Bome iosa 
«f time, which h ueces5>aiy to turn tlie screw, or lo move some other me- 
chanism, 4. Tney are expensive. 

With a view to- ubviate ino^t of these inconveniettres, Mr. Cavallo in* 
TCnled a very siiaplc micrometer ; it coiisisrs of a small seiiii-traiiapa refit 
§cJe or slip of mother-of-pearl, alioiil the twentieth part of aa incit 
broadp aud of tbe thickness ol common wriliag paper: this slip h divided 
by means of paraJIcL JiiieJ into a nnmber of eqnai p^rtj. Soch mierotocter 
is sifuated within the tube at the focus uf the ej^e-lens of the tdejscopc^ 
where the tniage uf the object h formed, and with Us divided edge pairing 
Ihrougb the cvutre of the field of vie^v, Ii ts to be fixed upon the dia^ 
phra^nij, which gcnerahy »ianda wiLliia thu tube at the fbcug of the fye* 
feft^. Now, by liKiking through the telescope, the image of the object and 
tlie microjiitter will ap|>ear to c<jincide - hence th« ub^erver may easiJy see 
hi/^ tiiHny d) vision M ot the latter ineasure the length and breadth ol tb« 
former; and, knowing the value of the divi^iions of the Jincro meter, he may 
easily dciierraine the aiigle which is iuhtended by the object, — whence he ^ 
can nacerlyifi lhe magnitude ol nn ohjeet at a knuwn distance, or the dis* 
tanue of an ohject tA known magnitude, or the dbtance of an object of 
^iknown nugnttude by mciins ol the angles U subtends stl twu known sta- 
tioiw. See FkiL Ttiim, voL 81, But this micrometer, however ingenious, 
lequirel i-ime care in the adjuitmenl ol the slip of iijother-of- pearl, ani 
particularly io regubiLing its «ituatioa to suit differanl eyes. 
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427 



Mr. David Brewster has lately directed his attention to the impToveHient 
•f micrometers, and has invented one in particular which a(>pears to be 
highly deserving of notice in this place. In this iiistruineiu a pair ot jiied, 
wires is made to subtend diiTerent angles by varying the magnifying poner 
of the telescope, by sliding one tube within another ; whereas in ail other 
micrometers with wires this effect is produced by mechanical contrivances. 
Mr. Brewster's method of shutting and opening the wires optically is there- 
fore free from all those sources of error to which other micrometers are sub- 
ject, and renders it particularly useful to the practical astronomer; while 
the mode of changing the magnifying power by the motion of a second 
•bject-glass afibrds a length of scale equal to the tocal distance of the prin* 
cipal object-glass. The same priudpie is peculiarly applicable to the 
Gregorian telescope ; for the magnifying power of this instrument can be 
changed by merely increasing or diuiinishing the distance of the eye-piece 
from the large speculu'u. 

In the common micrometer, which can manifestly, as well as Mr. Cavalio*s 
and Mr. Bi-ewster's, be used in the- mensuration of distances, the focal 
length of the telescope to wliich it is attached remains always the same; so 
that a correction computed from an optical theorem must be applied to 
every angle that is measured : but in Mr. Brewster's telescope and micro- 
meter, the focal length varies in the same proportion as the distance of the 
object; and consequently no correction of the angles can be necessary. To 
obviate the necessity of having a stand tor the instrument, which would 
prevent its u^fulness at sea, Mr. Brewster divides the second or moveable 
object-glass into two, as in the divided object-glass micrometer. By this 
contrivance two images are formed, and these images are separated or made 
to for>n ditferent angles at the eye, by bringing the moveable object-glass 
nearer to the fixed one. In determining the angle, therefore, we have only 
to bring the two images of the object into contact ; and such contact the 
eye is capable of ascertaining even duiing the agitation of a carriage, as the 
two images retain the same relative posidon whatever be their absolute 
motion. 

Thu ingenious instrument, being formed with sliding tubes, is very por- 
table and convenient ; and will be found extremely useful to military gen- 
demen, and others who may wish to ascertain diitaacet without a inor^ 
oumbenome apparatus. 



The following Works, lately published by Mr. Greooky, art 
sold at Mr. Kearslet's, N° 46, Fleet-street* 



1. LESSONS, ASTRONOMICAL AND PIIILOSOPUICAL. for ihr 
AmuseineDt and Ifittructioo of British Yoatb. A popular School-book: 
Id edition, is 12iiio, price 4fl. in boanifl. 



i. A TREATISE ON ASTRONOMY, in which the Elements of the 
Science are deduced in a natural Order from the Appearances of the 
Heavens to an Observer on the ^ Earth ; demonstrated on mathematical 
Principles, and explaifted by an AppKoation to tbe Tarioaa Phenomena. 
One laige 8to. volnme, with 9 folding-plates, price ISt. in boards. 



3. A TREATISE OF MECHANICS, theoretical, practical, 
AND DESCRIPTIVE. In two large 8va. volumcf, besides a volume contain- 
iqg 55 quarto plates. The first vokwie is devoted to the theory of Statics* 
Dynamics, Hydrostatics, Hydrodynamics, and pReoraaAics: t^ second 
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